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SUBJECT:  Transmittal  oE  Technical  Report  D-77-U 


TO:  All  Report  Recipients 


1.  The  report  transmitted  herewith  le.presents  the  results  of  a study 
of  dredged  material  dewatering  concepts  evaluated  as  part  of  Task  5A 
(Dredged  Material  Uensif ication)  of  the  Corps  of  Engineers'  Dredged 
Material  Research  Program  (DMRP) . This  task,  included  as  part  of  the 
Disposal  Operations  Project  of  the  DMRP,  is  concerned  with  developing 
and/or  testing  promising  techniques  for  dewateri.ng  or  densifying  (i.e., 
reducing  the.  volume  of)  dredged  material  using  mechanical,  biological, 
and/or  chemical  techniques  prior  to,  during,  and  after  placement  in 
containment  areas. 

2.  Rapidly  escalating  requirements  for  land  for  the  confinement  of 
dredged  material,  often  in  the  midst  of  urbanized  area.s  where  land  values 
are  high,  have  dictated  that  significant  priority  within  the  DMRP  be 
given  to  research  aimed  at  extending  the  life  expectancies  of  existing 

or  proposed  containment  facilities,  IJhile  increased  life  expectancies 
can  be  achieved  to  some  extent  by  improved  site  design  and  operation  and 
to  a greater  extent  by  removing  dredged  .naterial  for  use  elsewhere,  the 
attractive  approach  being  considered  under  Task  5A  is  to  den.sify  the 
inplace  dredged  material.  Densif ication  of  the  material  would  not  only 
increase  site  capacity  but  also  would  result  in  an  area  more  attractive 
for  various  subsequent  uses  because  of  improved  engineering  properties 
of  the  material. 

3.  The  technical,  objective  of  this  study  (Work  Unit  5A03)  was  the  evalu- 

ation of  techniques  for  dewatering/densifying  dredged  material  before 
and/or  after  placement  in  confined  disposal  sites.  The  study  included 
conventional  techniques  used  in  soil  mechanics  and  foundation  engineering 
and  by  industries  such  as  phosphate  and  aluminum  processors  to  dewater/ 
densify  large  containment  areas.  The  evaluations  were  made  on  an 
engineering  judgment  basis  by  experts  from  the  WES  Soils  and  Pavements 
Laboratory  and  without  laboratory  or  field  research.  The  purpose  of  the 
study  was  to  provide  Information  for  use  in  the  overall  development  and 
field  evaluation  of  promising  dewatering/densifying  techilques  for  J 

dredged  material.  ' 
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4.  The  study  Included  (a)  a comprehensive  review  of  existing  conventional 
treatment  methods  for  maintenance  dredging  of  soft  and  compre^ssible  sedi- 
ments, (b)  evaluation  of  the  technical  applicability  of  various  conventional 
techniques  that  could  be  applied  before  and  after  dredged  material  has 
been  placed  in  the  containment  area,  and  (c)  approximate,  evaluation  of 
relative  economics  of  the  various  techniques.  The  methodologies  considered 
included  conventional  stabilization  techniques  used  in  soil  mechanics 

and  foundation  engineering  such  as  surcharge  loading,  vertical  drains, 
underdrainage,  and  internal  drainage  systems;  chemical  additives;  and 
mechanical  working  of  material.  An  effort  was  also  devoted  to  the  establish- 
ment of  the  characteristics  and  properties  of  dredged  material  in  exist- 
ing disposal  areas. 

5.  It  was  concluded  that  dredged  material  in  disposal  areas  is  similar 

to  material  successfully  treated  by  conventional  foundation  and  engineering 
practice,  but  the  practicability  of  using  these  techniques  to  increase 
disposal  area  capacity  depends  more  on  economic  and  other  factors  than  on 
technical  considerations.  It  was  coitcluded  that  seepage  consolidation 
and  underdrainage  with  and  without  vacuum  pumping  offers  significant 
potential  and  should  be.  investigated.  Desiccation  of  dredged  material 
placed  in  relatively  thin  layers  is  especially  attractive  both  in  cost 
and  quantity  of  additional  storage  capacity  achieved  even  though  the 
concept  may  have  limited  application.  Recommendations  are  also  made  for 
laboratory  and  field  research.  Results  of  this  theoretical  study  should 
be  considered  tentative  pending  completion  of  the  applied  research. 

6.  Major  field  studies  on  dewatering  techniques  are  now  in  progress  in 
Mobile,  Alabama.  The  techniques  being  evaluated  were  selected  on  the. 
basis  of  the  results  from  this  study  and  other  feasibility  studies  conducted 
as  part  of  Task  5A.  The  studies  in  Mobile  include  the  underdrainage 

and  desiccation  studies  recommended  in  this  report.  Definitive  information 
on  the  feasibility  of  these  techniques  will  be  provided  in  guidance  in 
the  synthesis  reports  within  Task  5A. 


^ JOHN  L.  CANNON 

Colonel,  Corps  of  Engineers 
Commander  and  Director 
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Dredging  to  maintain  or  increase  project  depths  inlnavigable  cnannels  and j 
harbors  often  requires  confined  dredged  material  disposalNareas . In  many  lo- 
ca-lities^ it  is  difficult  to  find  suitable  confined  disposal 'areb.'s-^^  and^even 
where  available,  environmental  constraints  may  prevent  or  restrict  their_uje.  f 
Restrictions  may  be  placed  on  allowable  heights  of  retaining  dikes  and  depths^ 
of  dredged  material  placed  in  disposal  areas.  _____ 

The  purpose  of  this  study  wasc^o  determine  if  conventional  stabilization- 
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^^techniques  can  be  used  to  densify/dewater  dredged  material  as  a meansj^^erin- 
^egtsftng~^t he- storage  capacity  of  disposal  areas^,- ^Tfiis  was  done'  oh^  a"  J udgiri'ent ' 
basis^arni^ without  laboratory _or_  fieM  research,  -r  Coarse-grained  dredged  mate- 
rial was  not  included  in^iis  study was  “restricted  to  clays  and  silty 
clays /which  have  high  water  contents  after  placement  in  disposal  areas. 

It  was  concluded  that  conventional  stabilization  techniques  can  be  used 
to  increase  disposal  area  capacity  but  "tTfeaB  e^nomic  constraints  may  restrict 

their  use.-i-rt— some-areas- It-~was  found— t-hat— the  ^ater  content,  density,  and 

Atterberg  limits  of  fine-grained  dredged  material" in  existing  disposal  areas 
are  inadequately  known,  and_a  large-scale  but  relatively  low-cost  sampling 
program  is  recommended  to  investigate  existing  disposal  areas  of  various  ages 
containing  various  depths  and  types  of  dredged  material.  

A variety  of  conventional  stabilization  techniques  were  evaluated.  It 
was  concluded  that  seepage  consolidation  and  underdrainage  with  vacuum  pimping 
offer  significant  potential  and  should  be  investigated.  Desiccation  of 
dredged  material  placed  in  thin  layers  is  especially  attractive  both  in  re- 
gard to  cost  and  quantity  of  additional  storage  capacity  achieved,  even  though 
the  concept  may  have  limited  application. 

Selected  research  is  recommended  and  is  considered  essential.  This 
includes  construction  of  simple  but  large-scale  sedimentation  consolidation 
test  devices  to  investigate  fundamental  aspects  of  stabilization  processes 
and  benefits  of  various  stabilization  techniques. 

The  increase  in  storage  capacity  available  from  densif ication  treat- 
ments should  be  compared  with  the  alternative  of  raising  the  height  of  re- 
taining dikes  and  placing  greater  thicknesses  of  dredged  material  in  disposal 
areas.  The  latter  is  generally  more  economical,  but  may  not  be  possible  in 
some  localities  because  of  environmental  constraints  or  because  weak  foun- 
dations are  a limiting  factor  for  small  disposal  areas.  Where  disposal  area 
foundation  consolidation  and/or  thickness  of  dredged  material  is  large,  densi- 
fication  treatment  is  especially  beneficial. 

Appendixes  include  a description  of  river  sediments,  a general  descrip- 
tion of  conventional  densification  techniques,  and  calculations  for  the 
economic  evaluation  of  densification  techniques. 


Unclassified 

security  classification  of  this  PAGEfWTien  Data  Entarad) 


THE  CONTENTS  OF  THIS  REPORT  ARE  NOT  TO  BE 
USED  FOR  ADVERTISING,  PUBLICATION,  OR 
PROMOTIONAL  PURPOSES.  CITATION  OF  TRADE 
NA!-1ES  DOES  NOT  CONSTITUTE  AN  OFFICIAL  EN- 
DORSEMENT OR  APPROVAL  OF  THE  USE  OF  SUCH 
COMMERCIAL  PRODUCTS. 


1 


KXKcu'i'ivj-; 


The  objective'  ol’  thi;:  litu-iy  wuu  to  evaluate  conventional  tecli- 
niciueij  I'ur  diMu;iijiiu;  di'edi'ed  i.'iaLuf j a.l  by  (lewuteriiif^  to  inci-eane  din- 
jional  ai'ca  storuf'e  capacity  and  to  imicove  the  eugineerini^^  chai-actei-- 
intLCf5  ol'  tlio  matiu'ial.  'I'he  report  inciudou  a comia-ehein;  j ve  I'cv  L(.:w  ol' 
couvenlionnd  ti'catraent  laetliodr.  and  teclinlcal  and  economic  evai.uation  of 
nurcltarne  loadiuc;,  verticaJ  nand  draiiin,  uiidcrdraiua//,e , chemical  a'idi- 
tivea,  and  mechanical  woi'kiiifj  tcchniqiien  for  deric.i I'ylru'  drod,Tcd  material,. 

A ;jigni.l’icaut  ciTort  was  devoted  to  the  entaidi nliment  of  the 
charactei'inticc  at.d  prepcJ-tioa  of  dredfjed  material  in  exintini';  d.i  e.jioaal 
ai'oaa,  Vhien  pumj^ed  iuti,)  a diejiooai  area,  drcdj'ed  material  cc'i.'Uiionly  leay 
have  a di-y  solid  content  ranging  from  7 to  25  i-'crcent  by  weight  or  v;atsr 
contents  ranging  fron.  about  1300  to  300  p.,rcent.  After  a period  of  time 
(ranging  from  mouths  to  years),  depending  on  the  ciiu.cacter  oT  the  di'edged 
material  and  the  nature  of  tiic  disposal  ai'c.-a,  a crust  may  form  below 
wiiich  the  matci'ial  may  Inave  a water  cotitent  api)ro.ximately  equal  to  80 
to  l!i0  percent  of  the  liquid  limit. 

lotc.'Atial  costs  I'or  dewatering  and  deusi  lying  dredged  material 
are  illustrated  for  an  aosicaed  inltia.i.  condition  of  mutei-ial  in  tlie 
dlsposa.l  area  as  follows:  a devejoped  s-.urface  crust  2 ft  thick,  gi’oiari- 

water  at  a depth  of  2 ft,  10-ft  tirickness  of  dredged  material,  initial 
water  content  below  water  tabic  equal  to  liquid  limit,  and  liquid  limit;; 
ran,girig  fi'ora  50  to  200,  Tieatiiioat  metliodr.  consido’C'a  included:  tein- 

pcu’ai'y  surcharge  fills  up  to  10  I't  high;  tei:ipc,u'ai'y  surciiurge  fiii.  witii 
vei’tical  sand  drains  (20  ft  of  dr'edgou  liiatcriul  a.ssumfc“d  f(jr  tiris  tj’(.'’i.t- 
ment  metlr.jd  only);  water  poiidei.l  surcharge  uii  to  lo  ft  deep  with  membi-ano , 
;;and  Ijlanhet,  and  coi.iectors ; surface  vacu'im  mut  v/itn  riiei;iiit’aii(,' , ;;niid 
blanket,  collectors,  and  vacuum  inimping  for  5 yr;  underuraiuage  witli 
collectui'.:  and  sand  blanket;  underdrainage  with  ;:and  'blanket,  collec- 
tor:, ami  vacuuiTi  ]3uraping;  seepage  consolidation  witii  luidt-r-.lrain.'.gc  sn.nd 
b.Ianket,  coitecLor's,  and  ponded  watcu'  surciiurge  (n'.i  ineiiilvrune ) ; and 
desi'ccation  by  placing  in  thin  layers,  surface  drainage,  and  nominal 
trenciiing , Costs  ratp^ed  from  $1,1. 30  per  cu  yd  of  increased  storage 


at. , ^ 


oa|i;u‘iLy  I'oz'  vjj'Lical  auud  dt-alns  with  10-1’t  aurch'irfjc  on  di’edjicd  mate- 
rial, wltli  :i  Liquid  limit  of  i>0  to  $0.3j  iiei-  cu  yd  I'oz’  dcs.' ecatiou  ol' 
dredt;ed  materin.l  rfi.th  a liquid  limit  ol‘  200. 

Chemical  t'iooculaLiiig  agents  currently  ur.ed  ly  Uie  pliospliate  and 
alumiiiiun  Industrie.;  accelerate  sedimentation  of  slurries,  but  unless 
ijtlior  Li-eatiiient  metLiods  uj.'c  used,  tliu  end  product  Lias  a wiitei’  content  of 
about  200  tc  600  pei'cent;  this  is  greater  than  tLiat  desired  for  densi- 
ficd  di-edj'ed  material.  Other  chemical  agents  such  as  calcium  hydroxide 
and  calcium  carbide,  while  capable  of  dewatering  dredged  material,  arc- 
voty  costJ.y  and  are  relatively  ineffective  for  creating  a reduction  in 
volume  because  t)  .■  cliemical  reaction  with,  water  produces  a cLiemical 
I'csidue  of  significant  volume. 

It  is  concluded  tLiat  dredged  mateidal  in  disposal  areas  is  similar 
to  ruatei'ials  successfully  treated  by  conventional  foundation  engineering 
p,ractice,  but  tlie  practicability  of  using  conventional  densiflcation 
tccliniqucs  to  increase  disposal  area  capacity  do'perids  more  on  economic 
and  othoi'  factors  ratiier  tlian  l.echnical  considerations.  i'or  dredged 
raateri  .1  ..itli  water  contents  equal  to  liquid  limits  I'a.nging  fj’oin  50  to 
200  percent,  vol;i.me  changes  of  from  10  to  60  percent  can  be  produced 
depending  on  treatment  inetnou  used.  jJesiccatlou  of  thin  layers  was  the 
most  effective  means  for  inci'easing  disposal  area  capacity  and  was  the 
least  costly.  A clioice  of  other  methods  can  be  made  on  the  basis  of 
time  available  foi'  dewatering  and  availability  of  underdrainage,  which 
generally  must  be  provided  prior  to  disposal  ot.oratisiU. . 

Surface  drainage  and  surface  di'ying  should  be  promoted  during  den- 
si  ficatiori  to  reduce  water  contents  to  tlio  liquid  limit  prior  to  special 
treatment.  The  foundation  consolidation  may  I'esult  in  subsLa,ntial  addi- 
tional disposal  area  capacity  and  sliould  be  estimated  when  evaluating 
po.ssible  use  of  deusif ication  treatment  to  iiKU’ease  capacity.  Dike 
rai  '.i'ig  is  the  lowest  cost  alternative  for  iticreased  storage  capaciL.y, 
wLzei’c  i;erm  Lssi  ble . 

TlU;  study  f(;uiid  tLiat  tlie  lollowlng  laboratory  i-eseai'cli  is 
necess.'i,ry ; 


Doti.'i'mini'  tiit.;  LU;dimoutaion-coiiL;ul.i.Uat  j cjii  clia^'ac*.e.i-J  aLi  ca  o1' 
di'od{;L-d  ma terlaJ. . 

b.  Kvaluala-  a variety  ol’  new  dtuina{;e  matej'lalt;  ana 

tiudiiiiqucn  ( larf;e-'ncai,e  laboratory  tentinr.  iu  necessary  to 
avoid  tec'unical  ob.ioctionr.  to  })rcvious  ama.ll -ocalo  tcfits  and 
to  inveoLij^fate  proponed  donnirication  tecbniquco  before  undej-- 
takiiij'  relatively  expensive  field  tests). 

Tlie  t'ollowintj  field  invest  i {Ration  is  also  reconutieiided ; 

a^.  Deceriiiine  in  situ  conditions  of  dredp;ed  material  in  disposal 

Test  proposed  drainage  tecliniqucs  iiiei.udinp,  pumped  underdrain- 
age  with  induced  vacuum  and  seepage  consolidation  with  and 
witiiout  pumped  underdrainage  and  induced  vacuiun. 

Test  tiic  efficacy  of  desiccation  by  vegetation. 

ci.  Uetera.ine  techniques  for  efficiently  inti-oducing  f.locculauts 
into  dredged  material  slurries. 

The  effects  of  cartiiquaKes  were  not  cotisidered.  Vdierc  earthquakes 
ai'e  possible  and  the  effects  of  dike  failure  and  loss  of  dredged  mute- 
ri.al  may  be  objectionable,  separate  studies  are  required.  In  such  stud- 
ies dredged  material  should  bo  considered  liquefaction  susceptible. 

oupiilemerital  information  in  the  appendixes  includes  a descript]  on 
of  rivei’  sediments,  a general  descj-iption  of  conventional  densi  fi  cation 
techniques,  and  calculations  for  the  economic  evaluation  of  derisifica- 
tion  techniques. 
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']'!k'  i’ej)OfL('d  ht.-feiii  wa;!  mado  b.y  t,lic  -1111.1  ravi'im.  nt '.abi.i- 

raiur.',  , U.  Ariii^  Kut^itu'iM’  Vlal-crwayi;  Kxpor  1 iin'iit  ;'.i.al.iuii  under 

LIk;  dir'U'tiun  of  M.r . Jajiicri  1’.  dale.  Chief,  an  part  of  tin;  Corpr  of  J'-npi- 
neers  Drcdred  Materiai  Keac.'-'.ii’el'i  Troci’am  (DMH!')  , Di  r,  j^ira  I OiieTati  orir. 
ee t , DMKl’  Viork  IJiiit  !i(3.  .Parts  1 and  V Uirouj^h  Yl  I T were  lu’epared 

by  Mr.  f.Lanley  J.  Johnson.  i'art.  IV  van  prepared  by  Mr,  Kobort  V/.  Cmmy, 
and  I'artG  11.  and  I1.T  were  prepared  jointly  by  Dr.  Edward  li.  Puri-y  and 
Mr.  Johnson.  hi-.  Perry  prep8.red  Appendix  A,  Mr.  hesi  i.e  Uevay  lu'eiiarrid 
Appendix  B,  and  Mr.  Johnso.n  preiiared  ApiH.ndix  C.  Porlioru;  of  the'  repjrt. 
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IJ.  Ij.  cu;jLoiii;u7 
vcruo.i  tu  mcLi'ic 

Multiply 

mils 
incijeu 
i'eet 

miles  (U.  S.  statute) 

squai'e  feet 

acres 

cubic  feet 
cubic  yards 

gallons  (U.  S.  liquid) 

pounds  (mass) 

tons  (shoi't) 

pounds  (mass)  per  cubic 
foot 

pounds  (force) 
pounds  per  square  inch 
pounds  per  square  foot 

tons  per  square  foot 

atmospheres  (normal) 

feet  per  iiiii  ute 

kilowatt-hour 

hoi'sepower  (550  foot- 
pounds per  second) 

foot-pounds  (force) 

)'ahrenheit  degrees 


used  in  this 
follows : 

By 

0.00251* 

2.51* 

0.30I48 
i.6093lil* 
0.09290301 

I1OI6. 856 

0.02831685 
O.Y6I555 
0.003785112 
1*53.59237 
9OT.18I7 
16,01816 

1.118222 
6891.757 
1.882428 

95.76052 
101. 325 
0.00508 
3600000.0 
715.6999 

1. 355818 
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report  can  be  con- 

To  Obtain 

centimetres 
centimetres 
metres 
kilometres 
square  metres 
square  metres 
cubic  metres 
cubic  metres 
cubic  metres 
grajiis 
kilograms 

kilograms  per  cubic 
metre 

ne\rtcas 

pascals 

kilograms  per  square 
metre 

kilopascals 

kilcpascals 

metres  per  second 

Joules 

watts 

j oules 

Celsius  degrees  or 
Kelvins* 


units  of  mcasui-emeiiL 
(Cl)  uiJ-ts  as 


* To  obtain  Celsius  (c)  teinperi'.tui'e  reauing.s  JT-oin  ialu’enhedi,  (f)  read- 
ings, use  the  fo.i.lowing  formula:  C = (5/9)  (2  ••  32).  To  obtaii;  fiel'vin 
(K;  readings,  use;  K = (5/9)(2  - 3d)  + 273.15. 
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J'J'ATI’.-Ql  -THK-AliT  A1  J^I.ICAblLlTY  O!'  COMVI'JIJTIOHAJ. 
DKHLIIKICATIOK  'i']‘:CHniQUKG  'I'O 

digpo;_'ju,  arka  ctohage  capacity 


IWT  I:  lUTHODUCTIOIJ 


Objectivon 


1.  Task  5A  of  the  Dredged  Material  Research  Program  (DMRP)  of 
the  Corps  of  Kugineers  (CK)  has  as  its  objective  the  developing  and 
testing  of  promising  techniques  for  dev/atering  or  densifyiug  dredged 
material  using  pliysical,  biological,  and/cr  chemical  methods. 

2.  The  vrork  described  in  this  report  is  a suhtask  under  Research 
Task  '~jk  and  has  as  its  primary  tcchnica].  objective  the  evaluation  of 
tectiniques  for  devmtering/densi Tying  dredged  material  after  placement 
in  confined  disposal  sites.  The  subta.sk  invol.ves  an  engineering  eval- 
uation of  the  apjplicability  of  conventional  techniques  used  in  soil 
mechfUiics  and  foundation  engineering  and  by  industry  to  dewatei /f]en;;ify 
large  containment  areas.  The  principal  reason  for  densifying  dredged 
material  placed  in  containirieiit  ai'cas  Is  to  inci'oase  disposal  area 
storage  capacity.  A secondary  objective,  occasionally  important,  is 

to  improve  the  eni'ineering  char;j.ctcristics  of  disposal  areas  t.o  make 
them  suitable  for  subsequent  development  or  to  make  the  dredged  material 
suitable  as  o.  source  of  borrow. 

3.  An  ultiinate  objective  of  work  desci-ibed  herein  is  to  ndni.mi/.e 
the  rnumber  of  nev/  disposal  areas  required  to  contain  dred(-od  material 
arid  to  ein.ance  trie  environmeiital  irupuet  of  Laiid  di.spor.al  by  providing 
sites  which  can  be  utilized  for  ueiieficial  purpo.ses.  An  associated 
benefit  i.s  to  produce  significant  cost  saving:;  in  disposing  oi'  dredged 
matei'ial. 

Gcope 


1.  'iiiis  ::tu'iy  eval  uate:;  t!ie  fe.asi  bility  of  densi  fy  i m;.  di'cdged 
matei'ial.  jilo.ceu  in  confined  di:;i.’o:;al  -aj-ca:;.  'i'he-  vrork  ineJudeo  : (a) 


"'he-  vrork  ineJudeo: 


comprehensive  review  or  existing  conventional  treatment  methods  for 
maintenance  dredging  oi'  soft  and  comprcGsive  subsoils  (dredging  of  new 
works  sometimes  contains  clay  balls  or  Imups  of  clay  in  a matrix  of  soft 
clay,  but  the  treatment  of  these  materials  is  (-.‘xcluded  from  this  study); 
(ij)  evaluaticn  of  the  teclinical  applicctbility  of  various  coriveuti onal 
techniques  that  could  be  applied  before  or  after  dj’edged  material  has 
been  placed  in  coul'ined  disposal  areas;  and  (c)  approxliuate  evaluation 
of  relative  economics  of  various  techniques. 

Tiic  scope  of  work  involves  application  of  conventional  tech- 
niques to  both  active  and  inactive  confined  disposal  sites.  The  metliod- 
ologiea  considered  included  conventional  stabilization  techniques  used 
in  soil  mechanics  and  foundation  engit'cerlng  sucli  as  surcliarge  loading, 
vertical  drains,  underdrainage  and  internal  drainage  systems,  chemical 
additives,  and  mechanical  working  of  material. 

6.  The  scope  of  work  also  included  a literature  review,  It  gen- 
erally excluded  densi fication  concepts  of  an  innovative  or  unproved 
natui'e  or  the  conduct  of  field  tests  of  the  applicability  of  conven- 
tional soil  mechanics  arid  fouridation  engineering  techniques.  APj  part 
of  the  work  done,  visits  were  made  to  the  Hew  Yoi’k  Port  Authority 
(HYPA),  the  Horfolk,  Seattle,  aiid  San  i’rancisco  Districts  of  the  CE, 
and  various  pj-ivate  firm.s. 

General  Technical  Considero-tions 


7.  The  simplest  method  of  confining  dredged  material  eraploys 
low  dikes  and  large  disx/osal  areas,  out  this  method  is  not  alvmys  pos- 
sible because  of  land  cost  and  use  restrictions.  An  alternative  is  to 
restrict  the  size  of  the  disposal  area  and  to  gradually  increase  the 
heiglit  of  retaiiiir.g  dikes  and  tuicknes.s  of  material  placed  in  the  dis- 
posal area.  v/hilu  merely  increasing  the  lieiglit  of  retaining  dikes  and 
thicknes:;  of  uredg.ed  material  ultimately  becornojs  unde:;  i.i'ablc  for  tecli- 
nlcal  and  aes.Luetic  reasons,  land  creation  is  a low-iiriori ty  u:;c  in 
DMHl'  conqiarc'd  to  space  creation. 

8.  Conventional  tecluiiques  u:;ed  in  soil  mechanic:;  and  i'oiuid.ation 


euf'inct'l'iut'  to  i3t;.ibi.lizo  (i.e.,  dewater  and  deusify)  soft  materie.lu  in- 
volve coui'. idoi’ution  ol'  ultimate  I'eaulto  tofiethei’  with  the  time  rt  te  at 
which  deoired  heuet'ito  can  be  achieved.  borne  apX’licatiotiG  of  conven- 
tional techniciuen  do  not  require  nj.ecial  means  to  accelerate  the  rate 
of  densificav.ion . Under  other  circ.irnstarices , the  desired  results  can- 
not be  obtained  in  tlie  time  desired,  and  additional  provisions  are  made 
to  accolu-rate  tlie  rate  of  densification.  Kor  example,  a surcharge  loan 
will  deiisify  underlying  materials,  hut  if  the  thickness  ..  soft  mate- 
rials is  large,  tlie  time  required  may  be  several  decades.  V'/here  tni.. 
is  trie  case,  vertical  drains  can  be  provided  that  decrease  the  length 
of  drainage  jiaths  and  accelerate  the  rate  of  consolidatiori . Since  tlie 
di-alns  increase  the  cost  aubstaritially , they  are  not  provided  unless 
required.  Where  disposal  areas  are  large  and  the  rate  of  placement  of 
dredged  material  is  slow,  adequate  time  may  be  av<ailable  for  derisifica- 
tion  without  installing  special  provisLon.s  I'or  uccolorating  the  rate  of 
deiisification.  In  other  locations,  tills  will  not  be  the  case  and  added 
money  ruust  be  expended  to  obtain  the  desired  results  within  the  time 
available . 

9.  The  tlm.e  factor  is,  therefore,  a major  consideration  v/hen 
evaluating  deiisification  techniques.  Tliis  makes  it  essential  that  pian- 
iiing,  engineering,  and  operation  consider  long-range  utilization  of 
disposal  areas  so  that  time  requirements  for  the  most  economical  tech- 
niques can  be  anticipated.  Unless  planning  is  done  sufficiently  early, 
some  low-cost  alternatives  may  he  xn’ecluded  because  certain  construc- 
tion work  was  not  undertaken  before  the  disposal  area  was  xilaced  in 
operation.  For  example,  underdrainage  layers  cannot  be  added  after  the.: 
disxjosal  area  is  filled.  Planning  factors  relating  to  disjyosal  area 
management  are  listed  in  Table  1. 

10.  After  initiation  of  this  study,  it  was  found  that  relatively 
little  dcfiiiLtive  information  was  available  on  the  condition  of  dredged 
matei-iai  afLei'  sedimentation  in  disposal  areas,  bince  this  is  t)ie  siai’t 
iiig  x^oint  for  studying  densification  treatment,  considcrahie  effort  v/.-js. 
exjjeiided  to  find  data  rei.ating  to  in  situ  conditions  of  uredged  Matoi’in.l 
X iaceu  ) n uj-sx^osai  ar’oas  . 


1] 


I'lcouoiiiic  Considorationf; 


11.  The  cost  of  Lochniquos  ui’.ed  in  soil  rrechanicH  and  foundation 
engineering  fur  density ing  soft  materials  difrei-.s  enormously.  Since  t)ie 
availability  of  dredged  material  disposal  sites  varies  greatly , it  is 
impossible  to  generalize  on  the  economic  burden  that  can  be  assigned  to 
disposal  of  dredged  material. 

12.  In  some  areas,  as  in  the  Horfolk  District,  CE,  large  disposal 
sites  are  available  tliat  cost  as  little  as  $O.Olt^  j)er  cubic  yai'd’-'* **  of 
storage  capacity.  This  prohibits  use  of  even  the  simplest  derisif ication 
technio^ue.  In  many  areas,  tolerable  disposal  area  costs  vary  from  $1.00 
to  $3.00  per  cubic  yard,+  which  is  sufficient  to  permit  various  conven- 
tional densif ica.tion  techniques  to  be  considered.  Occasionally,  the 
cost  of  provl  ing  a disposal  site  ms.y  approach  $5.00  to  $10.00  per  cubic 
yard,  !'  and  almost  all  conventional  techniques  used  in  soil  mechanics  and 
foundation  engineering  can  be  considered. 

13.  The  evaluation  of  individual  treatment  methods  depends 
greatly  upon  site  conditions,  and  detailed  studies  should  be  made  com- 
pai'ing  various  alternatives.  The  methods  discussed  in  this  rejjort  are 
intended  to  illustrate  approaches  that  can  be  used  to  evaluate  alterna- 
tives in  light  of  local  and  technical  factors, 

it.  Specific  techniques  will  be  discussed  individually,  but  the 
most  efficient  use  of  dispo.sal  areas  may  involve  either  the  concurrent 
or  staged  use  of  more  than  one  apjjroach.  The  most  efficient  use  of  con- 
fined disposal  sites  will  he  achieved  by  early  and  continuous  planning 
and  comparison  of  tecliuic.a.].  and  economic  aspects  of  available  techniques, 
followed  by  field  instrumentation  to  determine  re.sults  being  obtained. 
Tcciiriical  evaluation  of  various  altcrn-ati vea  must  be  considered  as  a 
process  .starting  when  a disposal  area  is  first  being  planned  and  contin- 
uing throughout  its  operation.  This  entails;  (a)  detailed  investigai.ion 


* Tom  ],awiess,  pcr;-;onal  communication  with  h.  V/.  Cunny , ].0  .June  1975. 

**  A table  of  factors  for  converting  U.  i', . customary  units  of  runisur-t- 
liieiit  to  meti’ic  (dl)  i given  on  ])ag,e  d. 

!a;?.';'ionaI  c'jumiunication , Uog'or  Gaucier-  to  btaniey  .Jolmson. 
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of  matui'iais  to  be  ciredged-,  (b)  iaboruLory  to  iletermine  their 

physical  pi'opcrties,  sucli  as  grain  size,  Attea’bi-rg  limits,  and  consuli- 
datiori  characteristics;  (c)  detailed  consolidation  and  densi  f icat  ,i  on 
treatment  analyses,  considering  all  altei-natives ; and  (d)  field  in- 
stj'uiuentatiou  and  continuing  analyses. 

Arrangement  of  Report 

15.  The  main  text  presents  only  essential  discussions;  supple- 
mental information  that  amplifies  or  substantiates  the  text  is  g,iven 
in  tlie  appendixes.  A general  description  of  conventional  dens: -ficat ion 
techniques  is  given  in  Appendix  A. 
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VART  11:  ENGINIlERING  PHOrERTiES  Ol’  DREDGED  MATERIAL 


General 

l6.  The  small  amount  of  data  currently  available  regarding  the 
typos  and  physical  conditions  of  dredged  material  placed  in  disposal 
areas  made  it  advisable  to  suxiplement  this  data  by  whatever  relevant  in- 
formation that  could  be  obtained.  Materials  to  be  dredged  were  deposited 
in  a sedimentary  environment  generally  similar  to  that  found  in  disposal 
areas.  For  this  reason,  data  from  field  and  laboratory  testing  of 
in  situ  materials  requiring  dredging  have  been  reviewed.  These  are 
summarized  in  Api^endix  A. 

Pt'opertles  of  Dredged  Material  Placed 
in  Confined  Dj -sposal  Areas 


Placement  of  dredged 
material  and  formation  of  crust 

IT-  When  dredged  material  is  pumped  into  a confined  disposal  area, 

the  dry  solids  content  may  range  from  T lo  25  percent  by  weight."^  If 

the  material  is  allowed  to  remain  undisturbed  for  a few  hours  to  a few 

weeks,  sedimentation  will  occui’  and  free  watei'  can  be  decanted  through 

a sluice.  The  surface  of  dredged  material  exposed  tq  the  atmosphei'e 

will  begin  to  dry  and  a crust  will  form.  The  depth  of  the  crust  will 

increase  with  time  of  exposure  generally  at  a rapidly  decreasing  I’ate.'^ 

Tb.e  ultimate  thickness  of  the  crust  will  depend  upon  underdrainage, 

vegetation,  and  climatic  conditions. 

l8.  Little  definitive  information  is  available  regarding  engi- 

2 3 

neering  properties  of  the  crust.  ’ Available  information  generally 

concerns  the  movement  of  men  or  equipment  on  the  surface  of  the  crust. 

In  describing  the  condition  of  the  surface  crust  at  Penn  T,  a confined 

3 

disposal  area  near  ToZedo  Harbor,  Krizek  and  Salem  noted  there  was  a 
period  of  time  during  early  crust  formation  when  the  di.sposal  area  was 
inaccessible.  Later  it  was  possible  to  walk  on  the  disposal  are;:  sur- 
face using  plywood  mudshoes.  Still  later  the  crust  wa-s  capable  of  sup- 
porting an  individual. 


19.  Bishop  and  Vaughan^  described  the  condit.ion  of  surl'ace  ci’usLs 
at  disposal  areas  in  iiiglarid.  At  Marchwood  it  was  just  possible  to  walk 
on  the  surface  after  1 yr.  After  3-1/2  yr,  a firm  crust  capabl.e  of  sup- 
poi'Ling  cattle  extended  down  about  1 ft.  The  effects  of  surface  d.rying 
extended  down  to  about  3 ft.  At  Haiiiham,  the  surface  could  be  walked  on 
after  6 n.  uiths.  At  Teesmouth,  a surface  crust  of  900-pof  average  un- 
drained strength  and  2.5-ft  thickness  had  developed  after  7 yr. 

20.  At  the  "Navy  Area,"  Port  Newark,  N.  J. , the  NYPA  found  that 
after  5 months  portions  of  a dredged  material  disposal  area  had  de- 
veloped a crust  capable  of  supporting  personnel,  but  no  crust  had  foi’med 
in  low  areas . 

Effect  of  organic  matter 

21.  Organic  matter  in  dredged  material  may  be  in  the  form  of 

Sanitary  sewage,  industrial  waste,  petroleum  products,  agricultural 

Wastes,  and  fibrous  material  from  vegetation  growth  during  dormant 

1, 

periods  when  no  dredging  occurs.  As  shown  in  Figure  1,  an  increase 
in  the  amount  of  organic  matter  results  in  a decrease  in  the  maximm  dry 
density  and  an  increase  in  the  optimum  moisture  content  for  an  illitic 

r 

soil.''  Similar  effects  also  occur  in  sedimented  soils  containing  or- 
ganic matter.  The  influence  of  tempei-atux-e  on  the  behavior  of  organic 
soils  is  discussed  by  Habibagahi,^  The  presence  of  organic  matter  in 
dredged  material  may  generate  gasses  which  could  cause  expansion  under 
low-intensity  loadings.^ 

Engineering  properties  - Delaware  River 

22.  Engineering  properties  of  dredged  material  in  confined  dis- 

7 

posal  areas  along  the  Delaware  River  are  given  in  Table  2.  Wiis  mate- 
rial was  sampled  and  tested  several  years  following  placement  in  the 
disposal  area.  The  average  dry  unit  weight  was  ’yl.G  pcf.  The  average 
ratio  of  water  content  to  liquid  limit  (LL)*  was  0.80.  The  average  li- 
quidity index  ( LI ) was  0.65.  The  Atterberg  limits  are  plotted  in  Fig- 
ure 2 and  fall  practically  on  the  A-].lne.  Relationships  involving  the 


* For  convenience,  symbols  and  unusual  abbreviations  are  listed  and 
defined  in  the  Notation  (Appendix  D). 
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ORGANIC  CARBON,  1^, 


Figiore  1.  InflxiRPCo  of  organic  carbon  content  on  compaction 
characteristics  of  illitic  soil  (from  SclmiidL^) 


LI,  water  content,  and  percent  solids  are  given  in  Figure  3 for  soils 
plotting  along  Ca.sagrande ' s A-line  on  the  plasticity  plot. 

Engineering  pi-opertics  - Toledo  Harbor 

23.  Kjrizek  and  co-worKcrs'^’^  conducted  extensive  investiga- 
tions into  the  engineering  propei’ties  of  dredged  material  pi.aced  in  con- 
fined disposal  areas  near  Toledo  Harbor.  Results  of  these  investiga- 
tions on  maintenance  dredging  from  the  freshwater  environment  of  the 
Great  Lakes  should  not  be  indiscriminately  applied  to  dredged  material 
from  saline  enviruiiments . Since  these  investigations  were  unusuaJiy  ex- 
tensive and  reprusent  the  largest  source  of  engineci'ing  data  on  J'j'O,  h- 
wutcr  !!S))Osal  sites,  they  are  revLeweu  iu  u.u.ajl.  The  four  dis.j.or.ai 
areas  arc  s.liowii  in  Fi(-u.rc  1.  AIL  four  areas  ai-e  nearly  rectangula;-  in 
ijJ.n.ii  ana  enclosed  iy  dikes  x-anging  from  abeut  12  to  ',-0  ft  in  height. 
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Thti  iisluiid  io  locaLud  at  the  mouth  ol'  the  Maumee  Kivei’  at  tlie  eti- 

tranco  to  the  bay.  The  other  three  .aitcu  ai'e  located  aloiif,  the  north 
biUih  ol'  the  Maumet?  Hiver  near  its  mouth.  About  9 million  cu  yd  of 
dred;',L'd  muterlctl  was  deposited  in  these  four  containment  areas  during 
the  period  196it-197*b  The  cumulative  volume  of  dredged  material  de- 
posited in  tin;  Toledo  Ilarboi'  disposal  areas  is  shown  in  Figure  5*  Engi- 
neer i.rig  pi'operties  of  dredged  material  in  ..h'  /arious  confined  disposal 

3 

areas  are  given  in  Table  3-  Based  on  the  results  of  classification 
tests,  it  was  found  tliat  the  characteristics  of  dredged  material  de- 
posited in  the  four  sites  listed  in  Table  3 were  essentially  the  same, 
thereby  enabling  data  from  the  different  sites  to  be  synthesized  and 
interpreted  as  I'epi'eseutative  of  one  large  site  spanning  a period  of 
about  3 yr. 

0 1 

'fit.  Sampling.  Ki-izek  and  Hummel'  pi'osented  ’.ni'ormation  on 
sampling  tecimiques  deveJoped.  Most  of  the  sampling  was  done  after  for- 
mation of  a desiccated  crust  firm  enough  to  allow  access  by  foot.  It 
was  necessary  to  use  custom-designed,  lightweight,  hand-operated  sampling 
equipment.  The  materials  sampled  were  mostly  I'ine-grained  OH  soils  with 
a watei-  content  slightly  below  the  LL.  A 3-in.  piston  sampler  was  used 
to  obtain  undisturbed  samples.  Thin  tubing  was  used  as  liners  in  the 
core  barrel  to  minimize  sample  disturbance  during  extraction,  handling, 
and  storage.  An  air  vent  connected  the  hollow  stem  of  the  rod  to  the 
cutting  tip  to  reduce  suction  and  facilitate  sample  I'etileval.  Sample 
recovery  in  the  soft  materials  was  nearly  100  percent. 

29.  Water  contents,  limits,  and  densities.  The  average  ratio 
of  the  water  content  to  the  LL  (Table  3)  was  1.08  1 yr  after  deposi- 
tion. For  times  of  3 to  8 yr  after  deposition,  this  .I’atio  was  about 
0.89.  LI  values  for  corresponding  times  wc>re  l.lh  and  about  O.69, 

respectively.  The  plasticity  I’elationships  for  the  dredged  material 
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are  given  in  j''igui'c  6 according  to  K.rizelv  et  al.  ’ Atterberg  limits 
listed  in  Table  3 are  plotted  in  Figure  2 and  are  close  to  the  A-line. 

26.  The  rapid  increase  in  dry  unit  weight  with  time  is  shown  in 
Figure  7-^^  The  average  organic  matter  present  in  the  dredged  material 
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was  about  9 percent. 
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Figure  T.  Increo.se  in  dry  density  with 
tirae  for  dredgea  material  deposited  in 
diked  disposal  areas  near  Toledo  Harbor 
(from  Kri.-'.ek  and  Giger^^) 

2T . Effect  ol'  distance  from  inlet  pipe.  As  shown  in  Figui-e  d, 
borings  wore  located  to  enable  the  detennination  of  dredged  material 
properties  versurj  distance  from  the  inlet  pipe  or  overflow  wc-ir.''  The 
variation  in  average  grain  characteristics  versus  distance  from  the  in- 
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let  pipe  for  Penn  7 disposal  area  is  shown  in  Figui-e  9-  The  effective 
particle  size,  , decreases  from  about  0.3  to  0.001'y  nmi  in  a dis- 
tance of  about  30  m.  In  the  following  300  m,  fluctuates  with  no 

definite  trend.  A gradual  decrease  is  noted  from  about  0.001  to 
O.OOOli  mm  in  the  vicinity  of  the  overflow  weii-  where  surface  water 
normally  covered  the  site.  The  percent  fines  (<0.07^1  mm)  increase  i’rom 
zero  near  the  inlet  pipe  to  90  ijerccnt  in  160  m.  /iny  sands  present  in 
the  dredged  material  tend  to  drop  and  displace  underlying  soft  material 
near  ttie  end  of  the 
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Particle  Size,  Uniformity  Percent Ctoy  PercentRnes 
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28.  Decrease  in  permeablJity  with  d(3crease  in  void  ratio.  As 

shown  in  i'igure  10,  the  coefficient  of  permeability  decreased  from  about 
-U  -9 

10  to  about  10  cm/sec  as  the  void  ratio  decreased  from  approximately 
10  to  1.^^  Most  perme.ability  values  for  the  firmer  materials,  which  had 
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void  ratios  between  1 and  2,  were  in  the  range  of  10  to  10  cm/sec. 
Two  field  infiltration  tests  yielded  permeabilities  approximately  three 
orders  of  magnitude  higher  than  those  obtained  from  laboratory  tests  on 
undisturbed  samples. 

29.  The  influence  of  salinity  of  depositional  environment  on  the 
structure  of  clay  is  that  high  salinity  causes  a more  dispersed  struc- 
ture.Increased  permeabilities  may  occur  in  dredged  material  de- 
posited in  sai.ine  environments  compared  to  permeabilities  measured  in 
freshwater  deposits  in  the  Great  Lakes  region . 

30.  Consolidation  characteristics.  The  results  of  slurry  consol- 
idation tests  on  dredged  material  yielded  the  empirical  equation 

= 0.02(LL  - 22)  (1) 

where  = compression  index.  However,  the  range  of  LL  values  (60  to 
76  percent)  was  relatively  small.  This  equation  gives  considerably 
higher  values  than  given  by  other  correlations  for  LL  more  than  40. 

31.  iKn  increase  in  void  with  time  during  consolidation  at  low  in- 
tensity of  loading  was  believed  to  have  resulted  from  gas  generation. 
Analysis  of  a gas  sample  revealed  3.6  percent  oxygen,  15.7  percent  car- 
bon dioxide,  l6,8  percent  methane,  and  63.9  percent  nitrogen. 

32.  The  initial  water  content  w also  has  a significant  influ- 
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ence  on  consolidation  behavior  at  low-intensity  loading.  Secondary 
compression  was  found  to  be  significant  and  was  generally  more  than  one- 

2h 

half  of  the  total  settlement  under  low  loads.  The  secondary  compres- 
sion tended  to  increase  in  a linear  if.anner  with  the  logarithm  of  time 
for  a consider;ible  period  of  time,  after  which  the  rate  of  secondary 
compression  increased  significantly  reaching  a maximum  and  then  decreas- 
ing. The  influence  of  temperature  on  the  secondary  compression  of  or- 
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ganic  soils  is  discussed  by  So.  The  relative  importance  of  secondary 
compression  will  be  considered  further  in  Part  V. 
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33.  Field  settlements.  Field  settlements  measured  at  Penn  T con- 
fined disposal  area  are  compared  with  settlements  predicted  using  the 

3 10 

Casteleiro  one-dimensional  mathematical  model  ’ in  Figure  11.  This 
model  accounts  for  bottom-drainage  conditions,  nonhomogeneous  material 
properties,  and  consolidation  and  desiccation  of  successive  layers  of 
dredged  material  periodically  placed  in  a disposal  area. 

3^.  Shear  strength.  The  relationship  between  vmdrained  shear 
strength  and  water  content,  dry  unit  weight,  and  LI  are  shown  in  i'ig- 

3 

ures  12-1L,  respectively.  The  strength  characteristics  of  the  dredged 
material  were  found  to  be  comi^arable  to  those  associated  with  fine- 
grained organic  soils  of  comparable  water  content.  As  shown  in  Fig- 
ure 15,  the  average  field  vo,na  shear  strength  was  found  to  increase  with 

15 

horizontal  distance  from  the  overflow  weir.  This  variation  is  due  in 
part  to  the  grain-size  distribution.  Coarse  particles  tend  to  settle 
near  the  inlet  pipe  and  fine  particles  tend  to  settle  closer  to  the  over- 
flow weir.  The  coarse  material  would  drain  and  consolidate  faster  than 
fine  material,  thereby  develojiing  greater  strength  in  a given  period  of 
time . 

33.  i'igurc  16  shows  the  average  field  vane  shear  strength  versus 
age  of  landf-ill.^  Since  the  placement  of  material  at  a given  site  took 
place  intermittently  during  .several  dredging  seasons,  an  equivalent  zero 
time,  corresponding  to  the  placement  of  one- half  of  the  final  volume  of 
dredged  materia],  in  a site,  was  arbitrarily  assumed.  As  .shown  in  Fig- 
ure 16,  the  shear  strength  increased  consistently  and  rapidly  with  time. 

36.  Sensitivity . The  relationship  between  sensitivity  and  water 
content,  dry  unit  weight,  arid  LI  is  shown  in  Figures  .17-195  respec- 
lively.  The  sensitivity  of  freshwater  dredgings,  as  shown  in  Figure  17, 

increases  with  a decrease  in  water  content.  The  sensitivity  of  marine 

?6 

clays  increases  with  an  increase  in  water  content,'  The  sensiti.vity 
of  freshwater’  dredgings,  .as  showir  in  figure  I9  > increases  with  a de- 
crease in  i,I . The  serrsitivity  of  marine  clays  increases  with  an  increase 
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conducted  studie 
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Figure  11.  Comparison  bet'./een  measured  settlements 
at  Penn  T disposal  area  near  Toledo  Harbor  and  pre- 
diction of  Casteleiro's  one-dimensional  mathematical 
model  (from  Krizek  and  Saleml^) 
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Figure  12.  .tticar  strengDi  vernuu  watc.T  coriLeut  for  dredged  mater:  all 
dispcsal  areas  near  'i'oledo  Harbor  ( f rom  Krizek  and  Galem^'’) 
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13.  Shear  strength  versus  dry  unit  weigVit  for  dredged  material 
disposal  areas  near  Toledo  Harbor  (from  ICrizek  and  Salem^5 ) 


LIQUIDITY  INDEX 

i'igirre  14.  Shear  strength  versus  LI  for  dredged  material  disposal 
areas  near  Toledo  Harbor  (from  Krizek  and  Salem^5) 
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figure  l6.  Average  field  vane  shear  strength  versus  age  of  ].andfill 
for  dredged  material  disiiosal  areas  near  Toledo  Harbor  (from  Krizek 

and  Salem^^ ) 


ENSITIVITY 


to  determine  the  engineering  properties  of  dredged  material  in  confined 
disposal  areas  in  Buffalo  Harbor.  Table  U lists  these  pi’operties  for 
Diked  Disposal  Area  No.  1.  Atterberg  liraits  arc  plotted  in  Figirre  2 
and  fall  close  to  and  slightly  below  the  A-line.  This  disposal  area  was 
completed  in  November  I967  and  used  through  1971.  Undisturbed  sample 
borings  wei'e  made  in  October  1971*  The  depth  of  the  dredged  material 
when  sampled  ranged  from  11.6  to  IU.5  ft  and  the  age  ranged  frijm  1 to 
yr.  The  water  contents  ave.raged  l.O^t  times  the  LL  and  13  of  the  Ip 
test  values  were  between  0.8H  and  1.11  times  the  LL. 

Engineering  properties  - 
Cleveland  Harbor 

38.  The  Buffalo  District,  CE,  made  an  investigation  at  Cleveland 
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Harbor  that  was  similar  to  that  made  at  Buffalo  Harbor.  Table  5 gives 
engineei’ing  properties  in  Diked  Disposal  Area  No.  1.  The  Atterberg 
limits  are  plotted  in  Figure  2 and  fall  close  to  the  .A-line,  Water 
contents  averaged  1.10  times  the  LL  and  ranged  between  0.93  and  1.37 
times  the  LL.  This  disposal  area  Vfas  comijleted  in  December  I96T.  Place- 
ment of  dredged  material  into  the  disposal  area  started  in  the  spring  of 
1968  and  continued  through  the  fall  of  I969  with  undisturbed  sample 
borings  being  made  in  September  1971.  The  depth  of  di'edged  material 
when  sampled  ranged  from  23.5  to  25.3  ft. 

Engineering  properties  - 
Mobile  Harbor  (Upper  Polecat  Bay) 

39.  The  engineering  properties  of  Upper  Polecat  Bay  disposal  area 
near  Mobile  Harbor  are  given  in  Table  6.  Dredged  material  was  placed 

in  this  disposal  ai-ea  in  1971  and  1973.  The  dredged  material  was  sam- 
pled and  tested  in  1975.  Between  the  surface  and  a depth  of  6 ft,  the 
water  content  was  about  1.4  limes  the  LL,  while  from  6 to  10  ft,  the 
v/ater  content  vras  about  equal  to  the  LL.  The  Atterberg  limits  fall  close 
to  and  above  the  A-linc  (see  Figure  2).  Additional  laboratory  teats  are 
in  progress  at  the  U.  S.  Army  Engineer  Waterways  Experiment  Station 
(V/ES)  to  determine  the  gradation,  vane  shear  strength,  and  consolida- 
tion characteristics  from  undisturbed  soil  sajnplea  from  thj.s  disposal 
area. 
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Engineering  properties  - 
New  Orleans,  La. 


UO.  The  New  Orleans  District,  CE,  investigated  dredged  material 
from  the  Mississippi  River  Gulf  Outlet  after  it  had  been  placed  in  a 
disposal  area  in  i960  and  I96U.  Information  on  limits  and  water  con- 
tents is  given  in  Table  7-*  Atterberg  limits  are  plotted  in  figure  2 
and  fall  well  above  the  A-line,  higher  than  for  all  other  areas,  but 
below  the  U-line.  The  water  contents  ranged  between  0.6  and  1.0  times 
the  LL. 


Summary  and  Discusf3ion  of  Properties  of  Dredged 
Material  in  Confined  Disposal  Areas 

hi.  The  water  content  of  dredged  material  in  disposal  areas  at 
the  time  of  densification  treatment  is  of  paramount  importance  in  eval- 
uating the  efficacy  of  densification  alternatives.  If  dredged  material 
is  i^laced  in  a disposal  area  and  remains  underwater,  it  will,  for  a 
short  time,  be  in  a condition  generally  similar  to  that  existing  in 
sedimentation  tests.  The  water  content  in  the  upper  foot  might  be  h or 
5 times  the  LL,  while  below  this  depth,  the  water  content  might  be  2 or 
3 times  the  LL.  The  material  would  be  so  weak  that  densification  by 
surcharge  loading  would  be  impossible  because  the  shear  resistance 
would  be  too  small  for  the  dredged  material  to  support  any  loading. 

h2.  Conditions  in  dredged  material  disposal  sites  are,  however, 
considerably  different  than  in  laboratory  sedimentation  tests.  While 
the  laboratory  tests  a,re  useful,  they  relate  to  actual  disposal  sites 
only  for  a short  time  period  following  placement  of  dredged  material. 
V?ith  time,  suz’face  and  base  drainage  effects  some  lowering  of  the 
grouiidwaler  level;  a surface  crust  forms  from  desiccation;  secondary 
compression  effects  develop;  and  consolidation  occurs  as  the  effective 
weight  of  soil  above  the  lowered  groundwater  level  increases  from  its 
submerged  weight  to  its  saturated  v/eight,  which  may  be  up  to  5 to  10 


* Personal  communication,  197 9 1 Crum  Cannon,  Uev;  Orleans  District,  Hew 
Orleans,  l.a. 
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times  greater  than  the  slurry.  After  a year  or  two,  tl  disposal  area 
has  reached  a more  stable  condition  and  densif ication  r n be  initiated. 
Great  care  should  be  taken  because  the  materials  beneath  the  crust  are 
stil],  extremely  weak. 

h3-  Since  conventional  densificatlon  treatments  are  practicable 
only  after  some  drainage  has  occurred  and  a crust  has  develoijed,  the 
water  contents  at  this  stage  are  those  relevant  to  deiisii'ication  anal- 
yses. The  benefits  of  densification  treatments  m\ist  be  related  to  vol- 
ume changes  caused  by  the  treatments ; any  voliune  and  water  content  de- 
creases that  occur  before  the  stax't  of  densification  treatment  should 
not  be  credited  to  the  treatment.  V/ater  contents  relevant  to  dens if i- 
cation  analyses  cannot  be  obtained  from  sedimentation  tests  but  can  be 
obtained  fi'om  tests  on  sfurijjles  recovered  from  borings  made  in  disposal 
areas.  This  is  why  much  attention  has  been  focused  on  conditions  found 
in  actual  disposal  areas  at  times  when  densification  treatment  might  be 
initiated. 

I4I4.  To  some  extent,  the  condition  of  recent  channel  fillings  that 
must  be  removed  during  maintenance  dredging  approximates  the  condition 
of  dredged  laatcrial  p.laced  in  disposa],  areas.  Consequently,  and  because 
of  the  paucity  of  data  from  disposal  sites,  information  concerning  mate- 
rial to  be  dredged  is  al.so  relevant  to  densification  analyses.  Hever- 
thelesG,  differences  between  natural  material  in  situ  and  when  dredged 
and  placed  in  disposal  areas  may  be  substantial.  As  reviewed,  materials 
in  disposal  areas  undergo  water  content  decreases  and  densification  that 
do  not  occur  in  situ  in  natural  rivei-  bottom  deposits,  lienee,  sediment 
should  be  in  a mure  adverse  condition  than  material  in  disposal  areas. 

Information  previously  presented  on  dredged  material  in  di.s- 
posai  sites  and  on  typical  material."  that  are  dredged  is  summarized  in 
Tab.l.e  8.  Values  foi’  the  JjI  and  water  content-liquid  limit  ratios  are 
listed  in  Table  9-  It  ax^pears  that,  with  few  exeex^tions , water  contents 
in  uisx^osal  areas  are  less  than  1.9  times  the  LL  and  it  is  possible  that 
ill  fi’eshw-ater  areo.s  the  w.atei’  content  is  about  equal  to  the  Hi.  The 
average  value  fox'  all  di  sxjosa.l  sites  is  about  1.0.  LI  vaJue.s  are  geii- 
ci’aliy  similar  (Ta.bLe  9).  Viator  coiitent-i  iqui.d  limit  I’atios  and  Id 
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ratios  are  signil'icantly  higher  Tor  in  situ  materials  typical  of  loca- 
tions where  dredging  is  required..  For  reasons  given,  these  are  believed 
too  high  to  use  in  densification  analyses.  Liquid  limits  of  dredged 
material  are  generally  less  than  200  (Table  8),  with  most  values  be- 
tween 50  and  100.  For  practical  purposes,  the  Atterberg  limits  can  be 
assiiiiied  to  plot  on  the  A-line  (Figure  2).  Typical  specific  gravities 
are  about  2.60  to  2.65.  Many  sites  contain  organic  matter,  as  discussed 
for  individual  sites. 

Comparison  of  Dredged  Material  with  Soils 
Stabilized  by  Conventional  Techniques 

16.  Stabilization  of  soft  soils  is  a frequent  necessity  in  soil 
mechanics  and  foundation  engineering,  and  a large  amount  of  experience 
is  available  on  the  performance  of  various  stabilization  techniques. 

The  most  frequently  used  stabilization  technique  is  surcharge  loading 
with  or  without  vertical  drains  to  accelerate  the  rate  of  consolidation. 
This  type  of  work  is  reviewed  in  detail  in  References  29~3l.  The  rele- 
vancy of  such  work  to  dredged  material  is  discussed  in  Bishop  and 
Vaughan.  references  29  and  30  contain  extensive  i-efereuces  to  stabili- 
zation case  histories. 

ly.  Engineering  properties  of  some  typical  soils  stabilized  by 
jjrecompression  techniques  are  listed  in  Table  10.  According  to  this 
table,  much  experience  exists  in  stabilizing  soft,  highly  compressible 
soils  with  water  contents  in  the  range  of  0.9  to  l.U  times  the  LL. 

Since  this  is  about  the  same  water  content  range  as  most  dredged  mate- 
rial (Table  9),  conventional  engineering  experience  appears  applicable 
to  densification  of  dredged  material.  Shear  strengths  and  compress- 
ibilities have  not  been  discussed,  but  similar  findings  apply. 

t8.  While  the  above  comparisons  and  conclusions  are  bei.ieved 
valid  for  reasons  cited,  more  direct  justification  is  available  for 
considering  conventional  stabilization  techniques  for  densification  of 
dredged  material.  Dredged  material  was  si.abilized  for  the  Philadelphia 
International  Airport  ^ that  had  water  contents  ciose  to  the  LL,  and 
work  done  by  the  NYPA  is  especially  relevan.t  because  of  the  innovative 
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techniques  that  were  used  for  construction. 

t9.  The  NYPA  had  an  area  at  Port  Newark,  N,  J. , the  so-called 
Navy  Area,  into  which  dredged  material  (glacial  tii.l)  was  placed  hydrau- 
lically in  1972  to  an  average  depth  of  20  ft.  The  plasticity  index  (PI; 
ranged  between  6 and  2h.  After  placement,  the  dredged  material  vfas  too 
soft  (water  content  was  equal  to  or  slightly  greater  than  the  LL,  which 
ranged  from  about  29  to  U3)  to  support  a man,  but  after  about  5 months 
a crust  formed  over  part  o the  area.  Sand  fill  was  placed  (causing 
local  soil  displacements),  vertical  sand  drains  of  the  displacement  type 
were  installed  (l97*+)5  and  the  area  is  now  (October  1975)  under  sur- 
charge loading.  The  sand  fill  was  placed  hydraulically  using  end  dis- 
charge and  a deflector,  but  any  future  filling  work  would  probably  be 
done  under  water  to  obtain  more  uniform  distribution  of  the  sand  fill. 
This  case  illustrates  that  conventional  stabilization  techniques  can  be 
used  but  require  special  construction  expedients.* 

50.  The  conclusion  that  densification  of  dredged  material  placed 
in  disposal  areas  can  be  analyzed  using  presently  available  knowledge 
and  experience  is  not  intended  to  suggest  that  special  problems  and 
shortages  of  data  and  knowledge  do  not  exist  when  analyzing  densifica- 
tion for  dredged  material  in  disposal  areas.  These  limitations  will  be 
discussed  subsequently. 


* Donald  York,  personal  communications  to  D.  J.  Johnson,  21  October 
1975,  a]. so  communicati''  1 to  R.  V/.  Gunny  during  visit  to  NYPA, 

16  June  1975- 
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PART  111:  DEoCKIPTION  OP  CONVEKTIONAL 

DENSIPI CATI ON  TECUM IQUEG 


Densif ication  Methodoj.ofges 

51.  Dewatering-densification  methodologifcL;  can  be  broadly  classi- 
fied as  physical,  mechanical,  chemical,  or  thermal.  Specific  treatments 
may  utilise  certain  features  of  various  methodologies.  These  method- 
ologies, together  with  general  techniques  under  each  and  their  status 
regarding  current  state  of  development  for  subsoil  stabiliz.8,tion , are 
described  in  Reference  36  and  listed  in  Table  11.  A general  literature 
review  of  conventional  subsoil  stabilization  practices  is  given  in  Ap- 
pendix B.  Chemical  methodologies  are  discussed  in  Fart  IV.  Thermal 
techniques  are  in  a research  stage  and  are  not  reviewed,  being  beyond 
the  scope  of  this  report.  Electro-osmosis  is  an  old  but  seldom  used 
technique  and  is  also  beyond  the  scope  of  this  report  and  will  not  be 

discussed;  however,  it  is  being  considered  for  dredged  material  volume 

...  36 

reduct. ton . 

Physical  Methods  fur  Dcnsi fication 

52.  Physical  methods  group  themselves  broadly  into  loading, 
drainage,  and  desiccation  techiiiques.  These  treatment  methods  are 
listed,  and  described  in  Table  12  and  are  identified  in  Table  13  accord- 
ing to  benefits  achieved. 

53‘  The  i)hysical  methods  are  used  in  soil  mechanics  and  founda- 
tion engineering  to  reduce  postconstruction  settlements  s,nd  increase 
shear  strengths  and  bearing  capacities  of  so.f1,  soils.  \Ihen  used  foi’ 
these  pui’poscs,  the  objective  is  to  improve  the  properties  of  soft 
soils  so  a site  can  be  developed  for  construction  purposes.  In  some 
cases,  the  subsoils  treated  are  extremely  soft  and  apj^roacli  the  prop- 
erties of  dredged  material  after  several  years  in  a dispo-sal  area. 
Construction  purposes  i’or  which  stabilized  soft  soil  areas  are  used 

include  construction  of  embankments  and  foundations  for  bui] dings, 

. , . 29,30 

taiiKS  , etc. 
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Loadiur,  techniquca 

‘jU.  Various  loading  techniques,  listed  in  Taole  12,  are  ill.u3- 
29  30 

trated  in  Figure  20. ’ ’ As  generally  used  in  conjunction  with  loading 
techniques,  vertical  drains  to  accelerate  consolidation  serve  only  to 
decrease  the  time  required  for  densificatiori.  Vertical  drains  dissipate 
excess  pore  water  pressures  developed  by  loading  techniques. 

55.  Surface  ponding  of  water  with  a membrane  on  the  surface  of 
the  material  to  be  densified  (Fj.gure  20)  was  used  by  the  NYPA.  A sand 
blanket  and  collector  pipe  system  are  required  beneath  the  membrane  for 
this  technique.  Surface  ponding  without  a membrane  could  densify  soft 
soils  if  downward  flow  could  be  induced  by  drainage  beneath  or  in  the 
soft  materials,  i.e.,  seepage  pressure  consolidation.  This  method  will 
be  examined  in  Part  V in  detail  since  it  is  not  described  in  available 
technical  literature. 

56.  Surface  loading  by  atmospheric  pressure  was  t oposed  by 
Kjellman  in  1932  (Reference  37  and  Figure  20 ).  For  su  .arging  large 
areas,  vacuum  pumps  and  collector  pipes  in  the  sand  bianket  beneath 

the  membrane  would  be  required  to  avoid  excessive  head  losses  and  facil- 
itate removal  of  water  forced  into  the  sand  blanket. 

Drainage  techniques 

37*  Various  treatment  methods  to  secure  dewatering  and  densifi- 
cation  by  improving  drainage  arc  listed  in  Tabie  12  and  are  shown 
schematically  in  Figure  21.  Drainage  techniques  can  increase  the  settle- 
ment of  dredged  material,  thereby  increasing  the  storage  ca^jacity  of  the 
disposal  area.  Drainage  can  also  accelerate  the  rate  of  consolidation, 
i.e.,  stabilization,  of  dredged  material.  The  various  types  of  vei'ti- 
cal  drains  that  have  been  used  or  proposed  for  dewatering  soft  soils 
function  in  the  same  manner  as  conventional  vertical  sand  drains.  Fig- 
ure 22  shows  two  typ''S  of  paper  drains  developed  by  the  Gwedish  Geotech- 
nlcal  Institute.  One  such  drain  vfas  reported  by  Kjelirnan  and  was 
later  adopted  for  use  in  Japan.  The  K.icllman  type  of  vertical  drain 
was  called  a cardboard  wick,  but  this  term  is  a misnomer  in  the  sense 
that  a wick  implies  capillary  action,  whereas  Kjelimian's  drain  did  not 
function  as  a capilia.ry  device.  Kjellman' s cai'dboard  drains  (wicks) 
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a.  K.IELLMAN  CARDBOARD  DRAIN 


b.  GEODRAIN  (PAPER  FILTER  WITH  POLYTHENE  CORE) 

Figure  22.  Paper  drains  developed  by  the  Swedish 
Geotechnical  Institute 
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consist  of  a cardboard  sleeve  having  small  open  channels  that  conduct 
water  under  pressure  vertically  to  a drainage  layer.  The  cardboard 
serves  as  its  owx  filter. 

58.  A drain  generally  similar  in  concept  to  Kjellmati's  cardboard 
wick  was  recently  developed  at  the  Swedish  Geotechnical  Institute  and 
is  called  a Ceodrain  (figure  22b).  This  device  utilizes  an  inner  piece 
of  plastic  with  grooves  that  conduct  water  and  is  surrounded  by  an  outer 
heavy  paper  that  serves  as  a filter.  Geodrains  are  not  capillary  de- 
vices. They  appear  to  be  potentially  useful  in  lieu  of  vertical  sand 
drains  or  as  horizontal  drains. 

59-  Underdrainage  by  lowering  the  groundwater  level  has  beeu  used 
to  effect  consolidation  of  soft  soils.  The  effect  is  increased  if  a 
partial  vacuum  is  maintained  in  the  underlying  material  in  which  the 
groundwater  level  is  lowered  (Figure  21  and  Reference  35). 

Desiccation  by  vegetation 

60.  Desiccation  techniques  are  attractive  and  imply  relatively 
low-cost  treatment  methods.  These  treatment  techniques  (Table  12)  are 
generally  applicable  to  disposal  areas  to  varying  degrees. 

61.  The  use  of  vegetation  to  secure  devratering-densif ication  by 
the  water  demand  of  root  systems  is  attractive  on  the  basis  of  engineer- 
ing experience.  It  is  known  that  some  types  of  vegetation  in  swamp  and 
marsh  areas  reduce  the  soil  moisture  content  and  increase  the  precon- 
solidation stress.  In  some  areas  where  normally  consolidated  soiJ s 
were  expected,  subsoils  were  found  to  he  preconsolidated  by  a,s  much  as 
500  psf.  This  is  a major  benefit  and  a systematic  investigation  of 
desiccation  by  vegetation  is  obviously  of  substantial  importance  to 
engineering  studies  of  disposal  area  densification.  The  effects  of 
vegetation  are  being  investigated  separately  in  the  DMRP,  WES. 
Desiccation  by  capillary  wicks 

62.  Capillary  wicks  (Table  12)  have  never  been  used  for  stabiliz- 
ing soft  soils  and  must  he  regarded  as  completely  txi^orimental . lliey 
were  only  recently  proposed  by  Dr.  James  Spotts,*  and  s.re  currently 

* Personal  communication.  Dr.  James  Sp'otts,  civil  engineer,  Soils  and 
Pavements  Laboratory,  WES,  Api'il  1975* 
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bein^i  evu.luu.l.od  foi'  posaiblo  us'j  in  stabiJ.iir.lrig  dredged  material.  The 
concept  is  attracLivo,  but  its  potential  caiin.ot  be  asaossed  until  nec~ 
esBury  research  has  been  performed.  It  will  not  be  d.i.scussed  herein. 

Mechanical  Methods  for  Detisif ication 


63.  Mechanical  methods  for  densifying  dredged  material  include 
surface  drainage,  sui'face  trenching,  and  reworking  to  accelerate  desic- 
cation. These  techniques  involve,  therefore,  drainage  and  desiccation 
concepts  and  could  also  be  listed  under  other  methodologies.  Less  in- 
formation is  readily  available  on  mechanical  methods  and  are,  therefore, 
reviewed  in  some  detail. 

Laboratory  tests  on  effects  of  mixing 

64.  Greeley  and  Hansen  (reported  by  lirizek  et  al.^)  conducted 
lauoratory  evaporation  tests  on  dredgings  from  the  Calumet  River  in 
Chicago,  111.  The  program  consisted  of  drying  dredgings,  which  were 
placed  at  depths  of  2,  4,  8,  and  12  in.,  with  and  without  mixing  at  a 
temperature  of  74°!'  and  relative  huinidity  of  58  percent.  The  ?-in.  sam- 
ples were  mixed  at  1-hr  intervals,  4-  and  8-in.  samples  three  times  a 
day,  and  there  was  no  mixing  of  the  12-in.  samples.  As  shown  in  Fig- 
ure 23,  nearly  linear  relationships  were  obtained  for  the  reduction  in 
water  content  with  time.  The  rate  of  drying  increased  with  mixing  but 
was  influenced  more  by  a decrease  in  thickness  of  dredged  material. 

65.  A laboratory  study  at  WES  is  under  way  to  quantify  the  rates 
of  water  loss  so  that  field  operations  with  rega.rd  to  agitation  fre- 
quencies and  duration  can  be  optimized  for  various  types  of  dredged  ma- 
terial slurry.  Another  laboratory  study  is  being  conducted  to  determine 
the  benefit  of  agitation  on  reduction  in  moisture  content  under  con- 
trolJ.ed  foundation  conditions.  It  is  evident  that  controlled  tests  are 
necessar,,.  to  separate  mixing  benefits  from  those  caused  by  normal  sur- 
f.ace  desiccation  and  downv;ard  draina.ge. 

66.  The  mechanism  of  mixing  effects  is  not  clearly  understood. 

T'l  adi  lionally , tilling,  or  breaking  up  the  surface  of  a cultivated  agri- 
cultural area,  is  none  partially  ‘ ; interrupt  capillary  cliannels  and 
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Drying  Rate,  percent  loss  in  water  content  per  day  V/Qter  Content  LOSS^  ®/< 


A.  - 


i'i?duce  yurl.'ace  evapoj'iitiou.  Ki-om  thia  viewpoint  aui’l'ace  agitation  and 
liij  xitig  Would  ajjpeai'  to  be  oi  limited,  or  queatiouable  bene  lit.  Tlie  tests 
imder  way  aliould  c].aril'y  this  aspect. 

Dutch  me'  .od 

v" . The  Dutch  liave  developed  a method  to  increase  the  speed  ol' 

"ripen  h.g"  (biological  and  chemical  process  by  which  dredged  material 

is  c('  verted  to  eartli  containing  animal  and  plant  life)  of  dredged  ma- 
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teria.i.  from  Rotterdam  Harbor.  ’ The  dredged  material  is  pumped 

int.o  confined  disposal  areas  which  are  surrounded  and  subdivided  into 
comi  trtments  by  dikes.  Following  sedimentation  and  decanting  of  the 
free  water,  the  dredged  material  i.s  about  1 ra  thick. 

68.  About  2 months  after  filling,  a vehicle  known  as  the  Amphirol 
is  brought  into  the  area,  leaving  ditches  about  10  cm  deep.  Figure  2h 
shows  the  Amphirol  and  the  Riverine  Utility  Craft  (RlIC),  a similar  type 
vehicle  used  at  Upper  Polecat  Bay  disposal  area  near  Mobile  Harbor.  The 
Amphirol  is  supported  by  two  cylinders  that  provide  near  buoyancy.  The 
vehicle  is  propelled  by  i-otating  the  cylinders,  which  have  a spiral  cut- 
ting edge  to  cut  small  furrows  in  the  wall  of  the  ditches,  which  initi- 
ates c.racking  and  ripening  of  the  soil. 

69.  Two  months  later  the  ditches  are  deepened  by  tne  Amphirol. 
pulling  a pair  of  small  disk  wheels  (2.5  m in  diameter)  through  the 
original  ditches.  Before  the  third  stage,  again  2 months  later,  a 
good  growth  of  swamp  weeds  has  developed.  A large  disk  wheel  (3.^  m 
in  diameter)  is  pulled  by  tractors  located  on  the  dikes.  A pattern  of 
ditches  about  0,5m  deep  and  10  m aj>art  results.  When  the  first  layer 
of  dredged  material  has  sufficiently  ripened,  the  process  is  repeated 
until  the  final  height  is  reached.  Underdrains  have  been  used  in  some 
cases  to  promote  consolidation.  The  thickness  of  the  dredged  material 
layer  after  ripening  will  decrease  to  60  to  80  percent  of  the  freshly 
deposited  layer,  A seven-layer  deposit,  with  1-yr  consolidation  and 
ripening  time  for  each  layer,  wj.ll  yield  a k-m  fina.l  thickness  In  about 
10  yr.  Grass  is  sown  in  desiccation  cracks  in  each  lift  to  dewater  and 
foi'iii  a vegetative  mat. 
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PART  IV:  CHEl'aCAL  DEKSIPICATION  TECHNIQUES 


Phosphate  and  Aluminum  Industry  Techniciues 
Survey  conducted 

70.  As  part  of  the  effort  for  evaluating  potential  methods  for  de- 
watering and  densification  of  dredged  material,  contacts  were  made  with 
the  phosphate  and  aluminum  industries  to  determine  what  chemical  treat- 
ments are  being  used  to  dewater  their  waste  slimes  and  to  evaluate  the 
potential  application  of  these  procedures  to  dredged  material.  Visits 
were  made  to  the  U.  S.  Bureau  of  Mines,  Tuscaloosa  Metallur  v Research 
Laboratory,  Tuscaloosa,  Ala.;  Florida  Phosphaiic  Clays  Research  Project, 
Lakeland,  Fla.;  Andco,  Inc.,  Buffalo,  H.  7.;  and  Kaiser  Aluminum  and 
Chemical  Corp. , Gramercy,  La. 

Phosphatlc  clay  slimes 

71.  Phosphorus  in  America  is  obtained  from  phosphate  rock  ore 
called  matrix,  which  contains  approximately  equal  parts  of  phosphate 
m.inerals,  sand,  and  clay.  Over  100  million  tons  of  ore  is  mined  an- 
nually in  central  Florida.  The  ore  is  mined  with  large  draglines, 
slurried,  and  purax^ed  to  washer  plants  where  it  is  washed,  sized,  and 

subjected  to  various  benefication  methods  to  produce  phosphate  rock 
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used  principally  for  production  of  fertilizer. 

72.  Phosphatic  clay  slurry  produced  by  the  washing  process  is  a 
waste  product  called  slime.  The  slimes  must  be  disposed  of,  but  they 
cannot  be  deposited  into  nearby  streams  because  of  the  pollution  problem 
and  instead  are  stored  in  ponds  for  reasons  of  economy.  Tlio  average 
solids  concentration  of  slimes  discharged  from  a plant  usually  ranges 
from  2 to  6 percent  by  weight.  The  suspension  is  pumped  into  extensive 
settling  ponds  constructed  in  the  mined-out  areas.  However,  because  the 
volume  of  stored  slimes  exceeds  the  volume  of  mined-out  matrices,  the 
dams  used  for  impounding  the  slimes  extend  above  the  ground  to  heights 
up  to  Uo  or  50  ft.  The  industry  reuses  supernatant  water  released  from 
the  susxjcnsion  as  settling  jirogresses,  but  the  combination  of  very  slow 
settling  and  large  volumes  of  slurry  requires  very  large  settling  j+onds . 
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73.  The  mineralogical  and  engineering  properties  of  the  slimes  are 
summarized  in  Reference  k2.  The  slimes  are  primarily  a suspension  of 
clay  particles  in  water.  The  particles  are  of  colloidal  size  ( 0.001  mm 
;md  smaller),  and  tend  to  form  a gel  and  remain  in  suspension.  Settling 
is  slow, because  of  the  resistance  of  the  gel  to  compiession  and  the  up- 
ward flow  of  entrapped  water.  A plot  of  solids  content  versus  depth  for 
six  Florida  settling  ponds  ranging  in  age  from  1 to  60  yr  is  shown  in 
Figure  25.  The  solids  content  for  slimes  less  than  10  yr  old  and  more 
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than  10  ft  above  the  bottom  generally  ranged  from  ll+  to  2k  percent  (this 
is  equivalent  to  water  contents  of  6l0  to  320  percent).  Tlie  higher 
S'  Ids  near  the  bottom  are  attributed  to  drainage  of  water  from  the 
slimes  into  pervious  underlying  material. 

Potential  volume  decrease 

'fk.  The  phosphate  industry  is  highly  motivated  to  find  rapid  and 
economical  methods  for  dewatering  slime  not  only  because  of  public  pres- 
sure to  eliminate  the  potential  environmental  hazard  of  dike  failures 
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and  slime  spills  but  also  because  the  slimes  retain  a significant  amount 
of  water  that  must  be  replaced  for  continued  plant  operations.  Ari 
estimate  of  the  potential  voliime  change  that  might  be  brought  about  by 
dewatering  can  be  obtained  by  inspection  of  Figure  26,  which  shows  the 
relationship  between  percent  volume  decrease  and  change  in  percent 
solids.  As  an  example,  if  slimes  at  an  initial  solids  content  of  20  per- 
cent by  weight  could  he  dewatered  to  35  percent  solids,  a volume  de- 
crease of  almost  50  percent  would  result.  This  volume  decrease  is  sig- 
nificant to  the  phosphate  industry.  As  has  been  shown  in  Figure  25, 
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slimes  less  than  10  yr  old  are  generaU.y  in  a condition  of  about  20  per- 
cent solids.  If  the  slime  solids  could  be  increased  to  35  percent,  all 
slimes  and  sand  tailings  could  be  placed  back  into  the  pits  from  which 
the  phosphate  ore  had  been  mined.  Elevated  settling  ponds  would  not  be 
required  and  the  potential  of  dike  failure  and  slime  spills  would  be 
eliminated, 

Phosphate  slimes  research 
by  Tennessee  Valley  Authority 

75-  The  phosphate  industry  has  been  studying  ways  to  dewater 
slimes  more  rapidly  for  many  years.  In  the  late  1940' s and  early  1950's 
the  Tennessee  Valley  Authority  (TVA)  conducted  an  extensive  study  of  a 
wide  variety  of  methods  that  might  be  used  to  dewater  slimes.  These 
methods  included  filtration,  centrifugation,  drying,  electrophoresis, 
flocculation,  ultrasonic  irradiation,  freezing,  weighing,  and  stirring. 
Their  studies  found  that  although  it  is  technically'  feasible  to  dewater 
the  slime  suspension  to  50  percent  solids  by  several  different  methods, 
the  expense  of  applying  any  of  the  processes  is  significantly  greater 
than  that  of  storing  the  material  in  pends.  However,  they  also  noted 
that  thickening  of  the  suspension  by  sedimentation  is  expedited  by  the 
use  of  minimum  aiiiounts  of  water  and  dispersing  and  flocculating  agents 
in  the  hydraulic  classification  operation.  They  also  noted  that  de- 
watering of  the  suspension  by  filtration  would  be  facilitated  by  i.ining 
storage  basins  with  a properly  constructed  filter  bed,  and  that  pro- 
visions for  drainage  of  .surface  water  from  ponds  that  had  been  filled 
v^-ould  permit  drying  of  the  mud  by  evaporation  and  by  transpiration  from 
ensuing  pl.ant  growth. 

Y6.  As  part  of  their  investigation  of  chemical  agents,  the  TVA 
studied  the  effect  of  (a)  amount  of  reagent,  (b)  type  of  flocculant, 

(c)  type  of  dispersant,  and  (d)  depth  of  suspension.  For  these  tests  a 
standard  slurry  of  5 percent  solids  by  weight  was  used.  Sodium  hydrox- 
ide was  the  standard  dispersant,  calcim  sulfate  the  standard  floccul8,nt 
and  both  were  used  for  evaluating  other  reagents.  These  tests  indicated 
an  optimum  ainount  of  dispersant  and  flocculant  above  which  slower  and 
decreased  sedimentation  occor.s.  Generally,  0.5  to  3 lb  of  dispersant 
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and.  3 to  7 lb  of  flocculant  per  ton  of  solids  was  used  for  these  experi- 
ments. For  the  s.lurry  tested,  calcium  sulfate  was  the  most  effective 
flocculant  for  the  first  T hr,  but  .sulfuric  acid  and  c;a.lcium  chloride 
each  were  more  effective  after  24  hr.  Suspensions  that  were  dispersed 
with  sodium  hydroxide  and  sodium  silicate  and  later  reflooculated  with 
calcium  sulfate  settled  more  rapidly  than  those  dispersed  with  arrmonium 
hydroxide  or  sodium  oxalate. 

TT.  None  of  the  32  different  dispersants,  34  different  floccu- 
lants,  and  40  modifiers  produced  marked  improvement  in  settling.  The 
depth  of  suspension  appeared  to  have  no  effect  on  the  settling  for 
short-period  tests  in  the  laboratory;  however,  the  tendency  of  different 
suspensions  to  form  incompressible  gels  at  different  times  subsequent  to 
agitation  makes  ii  difficult  to  evaluate  the  effect  of  depth.  In  all 
of  these  laboratory  tests  it  is  important  to  note  that  the  best  floccu- 
lants  produced  a sediment  with  about  25  percent  solids  after  a period 
of  17  to  24  months. 

Florida  Phosphatic 
Clays  Research  Pro.'iect 

70.  More  recently,  the  Florida  Phosphatic  Clays  Research 
43  45  46 

Project  ’ ’ initiated  a study  for  the  finding  of  the  most  economical 

flocculants  for  use  with  clay  slurries  found  in  Polk  County,  Fla,  Floc- 
culant s that  produce  strong  aggregations  (large  floes,  rapid  dewatering) 
to  as  much  as  35  percent  solids  or  more  are  desired  and  chemical  plus 
operating  costs  for  treatment  of  the  slurries  hopefully  will  not  exceed 
$1.00  per  ton  of  solids.  The  investiga,tion  is  still  going  on  but  con- 
clusions based  on  testing  conducted  to  date  indicate  that  the  most  sig- 
nificant variable  influencing  flocculant  effectiveness  is  the  mineralogy 
of  the  clay.  Slime  lacking  j.n  attapulgite  could  he  flocculated  at 
levels  of  0.3  to  0.4  lb  per  ton  of  solids  with  the  best  flocculants, 
but  about  3 lb  of  some  flocculants  were  required  for  a sample  with  a 
relati.vely  large  araount  of  attapulgite.  Different  flocculants  work  best 
for  different  slimes  (i.e.,  no  one  flocculant  gives  the  lowest  dosage 
level  for  all  slimes  tested).  However,  of  more  than  100  products  tested. 
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about  10  appear  consistently  to  give  the  best  results.*  Many  of  the 
flocculants  cost  about  $1.0‘3  to  $1.15  per  pound.  If  the  required  dosage 
is  0.5  lb  per  ton  of  solids,  the  cost  for  the  flocculant  is  about  $0.50 
per  ton  of  solids  for  the  treated  materia]..  Since  other  costs  for 
treating  the  material  are  about  $0.50  per  ton  of  solids,  it  appears  that 
the  phosphate  industry  will  successfully  reach  its  objective  of  finding 
a satis fa.ctory  treatment  process  that  costs  no  more  than  about  $1.00  per 
ton  of  solids. 

79.  In  the  past  10  yr  or  so  there  have  been  no  really  new  floc- 
culants produced.  Advancements  made  have  been  primarily  in  modification 
of  existing  flocculants  to  improve  settlement  times  and  reduce  cost. 

Many  of  the  better  flocculants  are  polyacrylamides  that  have  different 
molecular  weights  and  ionic  conditions.  Based  on  experience  with  phos- 
phatic  slimes,  it  appears  that  different  types  of  dredged  material  will 
flocculate  best  with  different  flocculants.  However,  it  is  believed 
that  it  would  not  be  too  difficult  to  determine  what  flocculant  from  a 
group  of  approximately  100  would  be  best  for  a particular  material,  and 
it  was  estimated  that  this  could  be  done  for  about  $200  per  sample. 

80.  Studies  of  the  Florida  Fhosphatic  Clays  Research  Project  also 
involve  determination  of  the  most  practical  and  effective  means  for  in- 
troducing flocculants  into  the  slurry.  Techniques  which  are  currently 
being  studied  Include  the  addition  of  flocculants  to  the  slurry  with  and 
without  prior  mixing  with  sand  tailings.  Based  on  field  experiments,  it 
has  been  determined  that  the  flocculant  should  be  added  about  25  to 

50  ft  from  the  end  of  the  discharge  pipe.  At  lesser  distances  insuffi- 
cient mixing  occurred  and  at  greater  distances  degradation  of  the 
po.lymer-type  flocculant  appeared  to  occur.  When  flocculant  was  added 
without  sand  tailings  the  average  solids  content  of  the  flocculated 
slimes  at  the  end  of  5 months  was  about  25  to  27  percent  by  weight. 

This  was  significantly  better  than  the  nonflocculated  slimes,  which 
averaged  about  15  percent  by  weight.  When  flocculant  was  added  with 


* Personal  communication,  Fred  E.  Woodward,  Surface  Chemists  of  Florida, 
to  R.  W.  Cunny,  1 April  19T5- 


sand  tailings,  the  solids  content  of  the  slimes  1 week  after  deposition 
ranged  from  20  to  UO  percent  with  an  average  of  27  percent;  the  rapid 
dewatering  of  these  slimes  was  aided  hy  the  sand  tailings,  which  sepa- 
rated from  the  flocculated  clay  and  provided  some  sort  of  drainage 
system  for  the  clay. 

81.  Based  on  tests  currently  being  conducted,  it  appears  that 
flocculants  will  be  found  useful  to  the  phospha.te  industry  in  that  they 
will  make  possible  the  rapid  dewatering  of  the  slimes  to  a solids  con- 
tent of  35  percent  by  weight  or  more.  This  will  satisfy  the  require- 
ments of  the  phosphate  industry  since,  at  this  solids  content,  all  the 
slimes  and  sand  tailings  will  fit  back  into  the  mine  pits.  However,  it 
is  to  be  noted  that  35  percent  solids  is  equivalent  to  a water  content 
of  l86  percent,  and  this  is  more  water  than  considered  acceptable  for 
dewatered  dredged  material. 

Bauxite  resid\ie  treatment 

82.  Bauxite  residue,  also  called  red  mud  or  slurry,  is  a waste 
product  resulting  from  the  production  of  alumina.  At  the  Kaiser  Alumi- 
num and  Chemical  Plant  in  Gramercy,  La.,  alumina  is  made  from  Jamaican 
baiixitej  and  residue  is  produced  more  or  less  continuously  at  the  rate 
of  approximately  1^400  gallons  per  minute  (gpm)  with  a solids  content 
ranging  from  15  to  20  percent  by  weight.  In  the  past  thi.s  waste  has 
been  discharged  into  the  Mississippi  River,  but  in  1971  an  agreement  was 

made  to  discontinue  this  practice  and  since  November  197^ » the  residue 
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has  been  impounded  in  a storage  pond. 

83.  A substantial  portion  of  residue  has  a particle  size  in  the 
range  of  1 u,  and  the  slurry  is  highly  caustic.  To  permit  the  recovery 
of  soda  values  from  the  slurry,  starch  is  added,  thereby  flocculating 
the  solids  to  an  average  size  of  about  10  p.  The  resultant  slurry  at 
15  to  20  percent  solids  by  weight  still  has  poor  settling  characteris- 
tics and  without  additional  i>rocessing  would  settle  and  consolidate  to 

a solids  content  of  only  28  to  30  percent  (equivalent  to  a water  content 
of  260  to  230  percent). 

81*.  To  obtain  increased  consolidation  of  the  residue  and  minimize 
land  area  required  for  storage,  the  following  additional  processes  were 
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studied:  (a)  a mechnical  filtration/filter  cake  distribution;  (b)  decan- 

tation and  evaporation  of  water  (DEW  process);  and  (c)  drainage,  decein- 
tation,  and  evaporation  of  water  (DREW  process).  Pilot  filtration  ex- 
periments were  conducted  with  a 4-  by  3- ft  rotary  drum  filter,  and  it 
was  found  that  the  solids  contents  could  be  increased  to  about  UO  per- 
cent by  weight.  The  UO  percent  mud  was  pumped  at  a rate  of  8 gpm  to 
an  impoundment  area  where,  within  2 months,  it  fui’ther  dewatered  to 
70  percent  solids,  its  estimated  shrinkage  limit.  Pilot  tests  of  decan- 
tation and  evaporation  in  a 100-  to  200-acre  pond  indicated  that,  with 
rainfall  that  occurs  in  south  Louisiana,  only  a maximum  of  37  percent 
solids  could  be  expected. 

85.  The  third  method,  called  the  DRE\'/  process,  involved  the  addi- 
tion of  a sand  bed  to  the  bottom  of  the  storage  pond.  Two  DREW  proces- 
ses, shallow  and  deep,  were  studied.  The  shallow  DREW  process  involved 
repetitive  distribution  of  an  average  L-in.  layer  of  slurry  over  the 
sand  bed.  Pilot  tests  for  this  process  indicated  that  a L-in.  layer  of 
slurry  at  15  to  20  percent  solids  by  weight  would  be  dewatered  to  the 
shrinkage  limit  in  about  15  days  on  the  average,  depending  on  rainfall 
and  time  of  year.  Based  on  these  results,  it  was  estimated  that  a mini- 
mum of  600  acres  of  sand  beds  would  be  required  to  handle  the  bauxite 
res j. due  from  the  Gramercy  plant. 

86.  The  deep  DREW  process  involves  the  continuous  distribution 
of  slurry  from  a feed  point  infrequently  rotated  around  or  within  a 
sand  bed  impoundment  area  to  ultimate  depths  of  lO  ft  or  greater.  Pilot 
tests  for  this  process  indicated  that  50  percent  solids  by  weight  can 

be  obtained  in  about  3.0  months.  During  feeding,  65  percent  of  the  liquid 
extracted  was  removed  by  decantation  and  evaporation,  and  35  percent  was 
removed  via  the  bottom  sand  bed.  After  feeding  stopped,  surface  cracks 
developed.  Rainfall  was  removed  primarily  by  decantation  although  some 
rain  penetrated  through  the  mud  into  the  drains.  If  rainwater  was  not 
removed  by  subsurface  drainage,  it  was  believed  that  dewatering  past 
37  percent  solids  would  not  be  pjossible.  However,  it  was  also  believed 
that  evaporation  was  necessary  for  the  bed  to  reach  an  ultimate  solids 
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content  of  50  percent,  and  after  the  tenth  month  it  hecame  the  principal 
dewatering  mechanism. 

87.  Of  the  several  alternative  methods  studied,  the  deep  DRJiW 

process  was  selected  for  dewatering  the  bauxi^  residue.  The  basis  for 
this  selection  was:  (a)  stable  land  with  50  percent  solids  by  weight  or 

greater  could  be  obtained;  (b)  minimiun  land  area  required;  (c)  lowest 
capital  and  operating  costs;  and  (d)  storage  area  apparently  can  be  con- 
verted to  usable  land  or  raw  material  sources  after  pond  is  filled. 

Cost  for  construction,  operation,  and  maintenance  of  the  storage  pond 
has  been  estimated  to  be  about  $1.00  to  $1.20  per  ton  of  solids. 
Discussion 

88.  Experience  in  and  status  of  the  use  of  flocculants  by  the 
phosphate  industry  in  Florida  and  the  Kaiser  Gramercy  plant  have  been  de- 
scribed in  the  preceding  sections.  Both  used  flocculants  to  increase 
the  rate  of  sedimentation  of  slurries  composed  of  clay-siz.e  particles. 

The  Kaiser  group  at  Gramercy  has  'ound  that  their  bauxite  residue  can 

be  floccul.ated  and  dewatered  to  a condition  of  28  to  30  percent  solids 
by  weight  by  the  use  of  starch  alor.e  and  that  by  the  addition  of  under- 
drains and  surface  evaporation  an  arerage  condition  of  50  percent  solids 
can  be  obtained  at  a coat  of  approximately  $1.00  per  ton  of  solids.  The 
phosphate  industry  investigators  are  currently  searching  for  the  least 
costly  flocculants  and  are  developing  techniques  for  efficiently  intro- 
ducing the  flocculants  into  the  phosphate  slimes  to  increase  the  solids 
content  from  about  5 to  35  percent  in  a period  of  weeks  or  months  rather 
than  years,  and  at  a total  cost  of  about  $1.00  per  ton  of  solids.  Sim- 
ilar experience  might  he  anticipated  with  dredged  material.  However, 
solids  contents  of  either  50  or  35  percent  are  equivalent  to  water  con- 
tents of  100  or  186  percent  and  these  are  still  relatively  high;  this 
appears  to  be  the  lowest  water  contents  that  should  be  expected  if 
dredged  material  was  treated  only  with  flocculants. 

89.  Caution  must  be  taken  when  dealing  with  flocculants.  As  a 
result  of  laboratory  experience,  it  has  long  been  recognised  that 
flocculants  greatly  accelerate  the  settlement  of  soil  suspensions  and 
this  is  of  Interest  to  the  dredged  material  disposal  business.  However, 


laboratory  experience  has  also  shown  that,  while  flocculants  accelerate 
initial  settlement,  after  a period  of  time  untreated  material  will  set- 
tle to  void  ratio  less  than  that  for  the  treated  material'.  This  is 
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illustrated  by  a test  reported  by  Bishop  and  Vaughan  and  snown  in 
Figure  27*  This  figure  shows  that  in  the  laboratory  a UOO-nim  high. 
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Figure  27.  Comparative  laboratory  sedimentation  tests  on  Thames 
black  mud  untreated  and  treated  with  polyacrylamide 

5 percent  solids  by  weight,  suspension  of  Thames  black  mud  treated  with 
polyacrylamide  initially  settled  much  faster  than  the  untreated  mud. 
Settlement  of  the  treated  mud  was  virtually  complete  after  1 day,  but 
the  untreated  mud  continued  to  settle.  After  8 days  the  untreated  mud 
had  settled  more  than  the  treated  mud. 

90.  It  is  not  known  whether  the  above  test  reported  by  Bishop 
and  Vaughan  should  be  considered  typical  of  dredged  material  treated 
with  flocculants.  At  least  one  aspect  of  the  Bishop  and  Vaughan  test 
appears  to  be  nontypical  and  that  is  that  after  3 weeks  the  solid.s  con- 
tent of  the  treated  mud  had  increased  only  from  5 to  10  percent  by 
weight.  In  a test  conducted  by  Andco,  Inc.,  flocculant  was  added  to  a 
slurry  of  Mobile  Bay  mud  and  in  a matter  of  moments  the  solids  content 
had  increased  from  about  21  to  about  35  percent.  Also  field  tests 


conducted  on  attapulgite  phosphatic  slimes  in  Florida  indicated  that 
after  26  days  and  at  depths  of  2 to  3 ft  the  solids  content  of  treated 
slimes  averaged  lU.8  percent  whereas  the  solids  content  of  untreated 
slime  averaged  10.2  percent.  It  is  also  possible  that  the  salt  content 
of  the  liquid  phase  of  the  dredged  material  could  have  a significant 
effect  on  the  efficiency  of  the  pa.rticular  flocculant  being  used.  This 
factor  should  be  carefully  considered  in  the  evaluation  of  different 
flocculants.  However,  in  Florida  the  laboratory  phenomenon  is  generally 
not  duplicated  in  the  field  and  it  is  thought  that  this  is  because 
gravity  forces  are  very  important.  At  depths  greater  than  those  ob- 
tained in  laboratory  flasks,  it  is  believed  that  effective  stresses 
caused  by  the  weight  of  the  overlying  material  are  sufficient  to  over- 
come the  interparticle  shear  strength  of  flocculated  material  and  then, 
because  of  other  characteristics,  the  flocculated  material  is  compressed 
to  a degree  greater  than  that  possible  for  the  untreated  ms.terial  (at 
least  during  the  time  frame  of  interest). 

Conclusions  from  review 
of  industrial  practice 

91.  Based  on  the  experience  of  the  phosphate  and  aluminum  in- 
dustries, it  appears  that  flocculants  could  be  used  to  expedite  the 
initial  sedimentation  of  clay-size  dredged  material  that  would  other- 
wise settle  only  very  slowly.  Solids  contents  of  25  to  30  percent  by 
weight  for  treated  dredgings  up  to  l8  ft  thick  can  be  anticipated  in 
less  than  1 yr.  With  the  addition  of  under drai ns , surface  drainage, 
and  evaporation,  a solids  content  of  about  50  percent  is  a reasonable 
expectation. 

92.  Cost  for  effective  floccuT"'*  \ppears  to  be  approximately 
$0.50  per  ton  of  solids  treated.  I’or  claylike  materials  with  a natural 
water  content  of  100  to  300  percent,  cost  for  the  flocculant  will  range 
from  $0.30  to  $0.15  per  cu  yd  of  measured  material  in  the  disposal  area. 
Other  costs  associated  with  the  flocculant  treatment  might  be  $0.15  to 
$0.10  per  cu  yd  with  the  total  costs  ranging  from  $0.25  to  $0.45  per 

cu  yd  of  material  treated.  If  the  voliome  decrease  resulting  from  using 
flocculants  was  63  percent,  the  cost  of  the  flocculants  would  be  about 
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$0.21  per  cu  yd  of  additional  storage  voliime  obt(  Lned,  These  benefits 
would  not  be  realized  if  the  solids  drop  out  of  suspension  without  undue 
delay. 


Other  Chemical  Treatments 


Types  of  treatment 

93.  In  ; Edition  to  various  uses  of  flocculants  to  accelerate  sed- 
imentation, other  chemical  treatments  have  been  used  to  stabilize  soils. 
It  is  appropriate,  therefore,  to  consider  the  potential  application  of 
these  techniques  for  dewatering  and  reducing  the  volume  of  high-water- 
content  dredged  material.  The  most  common  treatment  of  this  type  is  the 
application  of  quicklime  which  reacts  with  water  to  produce  a material 
with  a lowered  water  content.  Another  chemical  of  this  type  is  calcium 
carbide,  which  the  University  of  California  at  Berkeley  has  suggested 
might  he  added  to  dredged  or  other  material  to  produce  a desirable  con- 
struction material  and  at  the  same  time  produce  acetylene  gas  which 
could  possibly  be  recovered  and  sold  to  recoup  at  least  part  of  the 
treatment  cost.  A patent  application  for  these  and  other  uses  has  been 
prepared.  Chemical  grouting  has  been  used  to  stabilize  soils  but  is  not 
considered  applicable  for  reducing  the  volume  of  dredged  material  placed 
in  disposal  areas.  Chemical  grouting  could  be  used  to  increase  shear 
strengths  but  the  high  cost  eliminates  its  consideration  even  for  this 
purpose. 

9^.  Quickli.me.  When  quicklime  (CaO)  is  added  to  a high-water- 
content  soil,  the  immediate  reaction  is  for  the  quicklime  to  combine 
with  the  water  (H,,0)  to  produce  calcium  hydroxide  (Ca(0H)„)  and  heat. 

(±  Cl 

Over  a longer  time  period  the  calcium  hydroxide  (slaked  lime)  reacts 
with  some  minerals  in  the  soil  to  produce  a soil  with  improved  drainage 
and  strength  characteristics.  However,  from  the  point  of  view  of  de- 
watering and  densification , interest  centers  on  the  immediate  reaction 
as  it  relates  to  volume  change  resulting  from  loss  of  water  due  to  the 
formation  of  calcium  hydroxide  and  heat. 
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95.  The  chemical  equation  foi  the  reaction  of  quicklime  and  water 
is  as  follows: 


CaO  + HgO  Ca(0H)2  + l6,000  cal  (2) 

The  comparable  equation  with  molecular  weights  is 

56.07  + IO.O2  7h.  09  (3) 

Thus,  for  each  56. 07  g of  quicklime  added  to  a wet  soil,  18.02  g of 
water  is  consumed  and  7^.09  g of  calcium  hydroxide  and  approximately 
16,000  cal  of  heat  are  produced.  Since  the  specific  gravities  of  water 
and  calcium  hydroxide  are  1.0  and  2.08,  respectively,  the  net  volume 
change  of  such  a reaction  in  the  absence  of  any  vaporization  of  water 
is  an  increase  of  17.6  cc  and  not  a decrease. 

96.  To  examine  the  potential  for  vaporization  of  water,  it  will 
be  helpful  to  run  through  a sample  calculation.  Assume  that  1 cu  yd 
(0.76  m” ) of  dredged  material  with  a water  content  of  200  percent  is  to 
be  treated  with  430  lb  (195  kg)  of  quicklime.  If  the  specific  gravity 
of  solids  of  the  dredged  material  is  2.50,  each  cubic  yard  will  contain 
702  lb  (318  kg)  of  solids  and  1400  lb  (635  kg)  of  water.  The  430  lb  of 

O 

quicklime  will  consume  138  lb  (63  kg)  (2.2  ft^)  of  water  and  will  pro- 
duce 568  lb  (258  kg)  (4.4  ft^)  of  calciiam  hydroxide  and  5.58  x lo"^  cal 
of  heat.  The  specific  heat  of  water  is  1.0  cal/g  and  if  it  is  assumed 
that  the  specific  heat  of  solids  is  0.2,  the  temperature  will  be  In- 
creased 8l°C  if  100  percent  of  the  liberated  heat  is  uniformly  utilized. 
If  the  initial  temperature  was  1.9°0,  all  the  water  would  be  at  the  boil- 
ing point,  but  none  would  have  vaporized;  and  the  net  volume  change 
would  have  been  an  increase  of  8 percent. 

97.  If  an  additional  100  lb  (45  kg)  of  quicklime  was  added  to 
the  dredged  material,  an  additional  O.50  ft  (0.0l4  m ) of  volume  in- 
crease would  result  from  the  production  of  additional  calcium  hydroxide, 
but  since  the  heat  of  vaporization  of  water  is  54o  cal/g,  the  extra 

3 

heat  would  vaporize  O.9O  ft  (O.O26  m^)  of  water.  Thus,  the  volume  of 
water  lost  by  vaporization  is  greater  than  the  volume  increase  from 
calcium  hydroxide.  However,  it  would  take  an  additional  540  lb  (245  kg) 
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of  quicklime  to  reduce  the  -volume  to  the  original.  Thus,  with  the  addi- 
tion of  a total  of  970  lb  (^^0  kg)  of  quicklime,  there  would  have  been 
no  volume  decrease  and  the  material  would  be  more  lime  than  soil;  but 
the  water  content  would  have  been  reduced  to  about  UO  percent.  Based  on 
1975  prices,  the  cost  of  the  quicklime  would  have  been  about  $20,  and  it 
is  quite  apparent  tliat , volrunewise,  nothing  would  have  been  gained  by 
this  expenditure  of  effort. 

98.  Calcium  carbide.  Calcium  carbide  (CaCg)  is  another  chemical 
agent  that  reacts  with  water  and  thus  potentially  might  be  useful  for 
de-watering  purposes.  When  calcixim  carbide  is  added  to  water,  acetylene 
gas  (C^Hg),  calcium  hydroxide  (slaked  lime),  and  heat  are  produced.  The 
chemical  reaction  and  molecular  weight  equations  are  as  follows  : 

CaC^  2H_0  -1-  C.H,,  + Ca(OH).  + 30,000  cal  (h) 

tt  d.  d d.  d 

6U.07  •+•  36.0lt  26.02  + 7^.09  (5) 

The  above  equations  indicate  that  for  each  6^4.07  g of  calcium  carbj.de 
added  to  a wet  soil,  36.0)4  g of  water  will  be  consumed,  26.02  g of 
acety.lene  gas  will  be  released,  74.09  e of  calcium  hydroxide  will  be 
produced,  and  approximately  30,000  cal  of  heat  will  be  liberated.  Using 
the  specific  gravities  of  v/ater  and  calcium  hydroxide,  the  net  volume 
change  of  such  a reaction  in  the  absence  of  any  vaporization  of  water  is 
a net  volume  decrease  of  0.44  cc. 

99.  To  examine  the  potential  for  vaporization  of  water  it  again 

will  be  helpful  to  use  a sample  calculation.  Assume  that  the  same  1 cu 

yd  (0.76  m ) of  dredged  material  as  in  the  previous  example  is  to  be 

treated,  but  thi.s  time  290  lb  (113  kg)  of  calcium  carbide  is  added.  The 

chemical  reaction  consumes  l4l  lb  (64  kg)  (2.2  ft^)  of  water,  produces 

289  lb  (131  kg)  (2.2  ft^)  of  calcium  hydroxide,  releases  102  lb  (46  kg) 

7 

of  acetylene  gas  to  the  atmosphere,  and  liberates  5.31  ].0  cal.  As- 

suming the  same  specific  heats  as  before,  the  temperature  of  the  dredged 
material  would  be  increased  by  80°C  if  100  percent  of  the  liberated  heat 
is  uniformly  utilized.  If  the  initial  tempierature  was  20°G,  all  the 
water  would  be  at  the  boiling  point,  but  none  would  have  -vaporized; 
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ana  the  net  volume  change  -would  have  been  negligible. 

100.  If  an  additional  250  lb  (113  kg)  of  calcium  carbide  vac 
added  to  the  dredged  material,  the  additional  heat  would  vaporize  2l6  lb 
(9b  kg)  (3.5  ft^)  of  water.  Thus,  with  the  addition  of  a total  of 

500  lb  (227  kg)  of  calcium  carbide,  the  volume  would  have  been  decreased 
13  percent  and  the  water  content  reduced  from  200  to  about  71  percent. 
Based  on  197^  prices,  the  cost  of  the  calcium  carbide  would  have  been 
about  $46,  and  it  is  apparent  that  only  a relatively  small  volume  de- 
crease would  result  from  a relatively  costly  expenditure.  It  is  possi- 
ble that  some  of  the  acetylene  gas  could  be  recovered  from  this  opere.- 
tion;  and  while  the  value  of  the  acetylene  gas  produced  apparently  is 
somewhat  greater  than  the  cost  of  the  calcium  carbide,  the  cost  for 
collection  and  distribution  of  the  gas  and  thus  the  cost  benefit  from 
such  a recovery  operation  is  not  known. 

Discussion 

101.  In  the  examples  described  above,  it  was  assumed  that  100  per- 
cent of  the  heat  liberated  by  the  chemical  -reactions  was  utilized  to 
increase  the  temperature  of  the  dredged  material  and  to  vaporize  water. 

In  actual  practice,  thif  of  course,  would  not  be  the  case.  The  actual 
efficiency  of  heat  utilization  would  depend  on  the  process  used  and  most 
likely  would  not  exceed  70  percent,  probably  being  much  less.  Thus,  the 
vol-ume  changes  that  might  be  obtained  in  a full-scale  operation  would. 

be  less  than  that  calculated,  and  it  is  apparent  that  the  potential  for 
obtaining  significant  dewatering  and  volume  reduction  by  addition  of 
commonly  known  chemicals  to  dredged  material  is  minimal. 

102.  Wiile  only  (quicklime  and  calcium  carbide  vrere  considered  in 
the  above  analyses,  it  is  possible  that  other  more  effective  chemical 
compounds  iiiay  exist.  However,  no  survey  of  the  chemical  industry  wa-s 
made  for  this  study,  and  it  is  believed  unlikeD.y  that  more  effective 
and  less  expensive  chemical  dewatering  compo-’inds  woul.d  be  fourd  if  such 
a survey  were  conducted.  Unfortunately , the  cost  of  ever.  xpenslve 
chemicals  is  relatively  liigh. 


PART  V:  TECHNICAL  ANALYSIS  AND  COMPARISONS 


Methods  of  Analysis 


Basic  concepts 

103-  Because  dredged  material  placed  hy  hydraulic  means  in  dis- 
posal areas  is  essentially  saturated,  increased  disposal  area  capacity 
can  be  achieved  only  if  the  water  content  of  the  dredged  material  is 
decreased..  Procedures  for  computing  volume  decreases  associated  with 
moisture  content  decreases  utilize  methods  developed  in  soil  mechanics 
and  foundation  engineering  and  are  widely  used  for  analyzing  effects  of 
conventional  stabilization  techniques.  Computations  for  amount  and  rate 
of  volume  decrease  can  be  made  considering  the  (a)  characteristics  and 
thickness  of  dredged  material;  (b)  type  of  densificat j on  treatment,  if 
any;  and  (c)  opportunities  for  natural  moisture  content  decreases  from 
drainage  into  foundation  soils  beneath  the  disposal  area. 

104.  While  disposal  areas  may  have  relatively  firm  and  incompres- 
sible foundation  soils,  such  materials  also  may  be  soft  and  highly  com- 
pressible since  disposal  areas  are  generally  .located  along  rivers  or 
harbors.  Wiiere  foundation  soils  are  thick  and  highly  compressible,  the 
weight  of  dredged  material  may  cause  substantial  foundation  consolida- 
tion and  result  in  increased  disposal  area  storage.  In  some  cases,  the 
increase  in  storage  capacity  from  the  weight  of  dredged  material  and 
effects  of  densification  treatment  may  largely  result  from  foundation 
settlement.  It  is  necessary,  therefore,  when  anaD.yzing  effects  of 
densification  treatment,  to  evaluate  the  effect  of  treatment  on  the  dis- 
posal area  foundation  as  well  as  on  the  dredged  material.  While  this 
can  be  done  by  methods  to  be  discussed,  this  report  will  consider  only 
the  effects  of  densification  treatment  on  dredged  material. 

Magnitude  of  volijme  decrease 

105.  The  volume  decrease  which  can  be  achieved  by  densification 
treatment,  i.e.,  the  storage  capacity  increase,  depends  on  the  initial 
water  content  of  the  dredged  material  after  sedimentation  has  occurred. 
Sandy  soils  placed  in  disposal  areas  have  low  moisture  contents  after 
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lOT.  The  eq.uations  for  voliime  decrease  of  a normally  consolidated 
fine-grained  soil  are: 
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where 

AV  = decrease  in  volume 
V = original  volume 

AH  = decrease  in  dredged  material  thickness 

H = thickness  cf  dredged  material 

Ae  = decrease  in  void  ratio 

e = initial  void  ratio 
o 

p = initial  effective  stress 
o 

Ap  = increase  in  effective  stress 

The  effective  stress  increase  causing  volume  decrease  Ap  can  be  caused 
by  surcharge,  drainage,  or  by  desiccation.  The  effective  stress  before 
application  of  Ap  is  p . The  value  of  C /(l  + e ) is  a measure 

O C O 

of  the  compressibility  of  a soil  and  can  be  con-elated  with  LL  and  -w 

o 

Various  correlations  have  been  developed  (Reference  29  and  Appendix  C), 
and  the  following  conservative  values  ai'e  selected  and  used  in  the  illus- 
trative computations  made  subsequently. 


LL 

C^/(l  + e^) 
c 0 

1 

90 

0.16 

15 

0.22 

f 
*■*  ■ 

100 

0.25 

190 

0.29 

200 

0.31 

The  above  values  assume  that  the  initial  void  ratio  e corresponds  to 

o 

a water  content  equal  to  the  LL  and  the  .specific  gravity  is  2.6. 

108.  The  volume  decrease  of  dredged  material  can  be  related  to 
a decrease  in  water  content  w as  follows: 
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Since,  for  saturated  materials  e = wG  and  Ae  = GAw 

^ ^ GAv  , o ^ 

V H 1 + 

G 

in  which  e is  the  void  ratio,  Aw  is  the  decrease  in  water  content, 
and  G is  specific  gravity.  For  reference  purposes,  the  water  content 
of  dredged  material  having  an  initial  moisture  content  of  twice  the  LL, 
which  might  exist  shortly  after  sedimentation  in  the  disposal  area,  has 
been  plotted  versus  corresponding  vol\iiiie  changes  in  Figure  29.  Moisture 
contents  of  natural  soils  generally  fall  between  the  LL  and  PL.  At  the 
LL,  soils  are  soft,  have  low  shear  strengths,  and  can  undergo  large  vol- 
ume changes  if  leaded.  At  the  PL,  soils  are  relatively  strong  and  can 
carry  significant  loads  without  undergoing  large  volume  changes.  Soft 
soils  stabilized  by  conventional  teciiniques  have  LI  values  generally  in 
the  range  of  50  to  100  percent.  These  soils,  stabilized  by  techniques 
such  as  surcharging,  undergo  relatively  small  decreases  in  water  content. 

109.  Volume  changes  associated  with  moisture  content  decreases 
plotted  in  Figure  29  are  summarized  in  Table  ll4.  It  is  evident  that  it 
becomes  increasingly  difficult  to  secure  an  added  increment  of  volujne 
decrease  as  the  moisture  content  decreases.  For  example,  it  is  rela- 
tively easy  to  secure  moisture  content  decreases  from  initial  values  of 
twice  the  LL  down  to  the  LL,  since  this  almost  occurs  naturally  (accord- 
ing to  data  presented  in  Part  II).  Further  decreases  in  moisture  con- 
tent, to  LI  values  of  0.75.  0.50,  0.25,  or  0.00,  are  increasingly  more 
difficult  to  obtain.  The  upper  portion  of  Table  lU  shows  incremental 
volume  decreases  expressed  in  percent  of  an  initial  voluine  corresponding 
to  a water  content  equal  to  twice  the  LL.  The  lower  portion  of  this 
table  shows  similar  incremental  volume  changes  for  a disposal  area  in 
which  the  water  content  at  the  time  of  possible  densif ication  treatment 
is  at  the  LL, 

110.  At  the  present  time,  the  relatively  little  information 
available  suggests  that  initial  moisture  contents  of  dredged  material 
at  the  time  of  densif Ication  will  range  from  1 to  1.5  times  the  LL. 

There  is  some  evidence  that  dredged  material  extracted  from  salt  water 
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has  higher  water  contents  than  dredged  material  from  tidar  mar,sh  or 
freshwater  deposits.  For  conservatism,  henefits  of  densification  treat- 
ment vrill  he  computed  assuming  initial  water  contents  equal  to  the  LL. 
This  is  consistent  with  the  data  exajnined  in  Part  II. 

Time  required  for 
densification  by  consolidation 

111.  Basic  concepts.  The  time  required  to  obtain  densification 
by  consolidation  can  be  estimated  using  Terzaghi ' s method  for  one- 
dimensional consolidation.  While  there  have  been  many  modifications 
to  this  approach,  it  is  convenient  and  sufficiently  accurate  for  esti- 
mating the  time  required  and  illustrating  concepts  involved.  When  a 
soil  is  loaded,  excess  j:iore  water  pressures  are  developed  which  dissi- 
pate with  time  as  pore  water  is  squeezed  from  the  interior  of  a soil 
deposit  to  the  exterior  or  drainage  boimdaries.  The  time  required  to 

reach  a given  percent  consolidation  is  dependent  on  a time  factor  T ; 

2 ^ 
the  thickness  squared  H of  the  soil  deposit,  where  H is  the  length 

of  one-way  drainage  path;  and  the  coefficient  of  consolidation  c^  of 
the  soil,  which  is  considered  a soil  property  although  it  depends  also 
upon  effective  stress.  These  factors  are  related  to  the  time  t re- 
quired to  reach  a given  percent  cuusolidatioii  by  the  equation: 

2 

T H 

t = (9) 

V 

112.  The  effects  of  time,  thickness  of  soil  depo.oit,  and  degree 

of  consolidation  achieved  are  illustrated  in  Figure  30  for  a soil  hav- 
ing a of  0.01  sq  ft/day.  If  the  soil  is  underlain  by  impervious 

material  and  water  must  flow  to  the  surface  to  escape  during  consoli- 
dation, the  thickness  H is  taken  as  the  total  thickness  of  dredged 
material.  Alternatively,  if  the  dredged  material  is  underlain  by  free- 
draining  soil  so  that  water  can  be  squeezed  from  the  dredged  material 
to  the  surface  and  also  to  underlying  material,  the  thickness  H is 
one-half  the  total  thickness  of  dredged  material.  The  curves  shown  in 
Figure  30  ii.lustrate  that  the  thickness  of  disposal  material  has  a 
great  effect  on  the  time  required  to  achieve  consolidation,  Values  fox' 
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Figure  30.  Effect  of  thickness  on  consolidation  of 
dredged  material 


a 10-ft-thick  i.ayer  are  summarized  in  Table  15 . While  the  first  50  per- 
cent consolidation  may  be  achieved  fairly  ra,pldly  (Table  15  and  Fig- 
ure 30 ),  succeeding  increments  of  consolidation  require  substantially 
more  time, 

113.  Figure  30  illustrates  that  thin  layers  consolidate  rapidly 
even  for  the  low  value  of  coefficient  of  consolidation  used  for  this 
example,  which  is,  incidently,  that  for  a high  LL  dredged  material. 

This  figure  illustrates  that  if  the  one-way  drainage  path  is  5 ft  or 
less,  or  the  two-way  drainage  path  is  10  ft  or  less,  the  rate  cf  con- 
solidation may  be  so  rapid  that  treatment  methods  are  unnecessary  to 
accelerate  consolidation. 

111.  Radial  flow  to  vertical  drains.  The  general  concepts  illus- 
trated in  Figure  30  also  apply  to  radial  flow  of  vertical  drains.  A 
theory  for  such  flow  was  fully  developed  by  Barron  and  is  reviewed  in 
Reference  30.  Consolidation  by  radial  flow  depends  on  the  length  of 
flow  path  in  the  same  manner  as  illustrated  for  vertical  flow.  The 

70 


f 


The 


time  factors  have  different  values  for  vertical  and  radial  flow  and 

30 

values  for  these  cases  can  be  obtained  from  numerous  references, 

coefficient  of  consolidation  for  radial  flov  can  be  determined  from 

laboratory  tests  and  from  field  permeability  tests,  but  precautions  must 

30 

be  observed  in  using  the  results  of  field  tests. 

115.  Combined  vertical  and  radial  flow.  The  theory  for  combined 
vertical  flow  to  drainage  layers  and  radial  flow  to  vertical  drains  was 
also  developed  by  Barron  and  is  reviewed  in  Reference  30.  It  is  evident 
that  if  the  length  of  radial  drainage  path  is  long,  vertical  flow  wll], 
dominate  even  if  vertical  drains  are  installed.  Drains  cannot  be  spaced 
more  than  the  thickness  of  soil  being  treated. 

Means  to  accelerate  densiflcation 

116.  Since  the  time  required  to  achieve  a given  percent  consoli- 
dation depends  on  the  square  of  the  length  of  drainage  path  for  either 
vertical  or  radial  flow,  an  effective  means  for  accelerating  the  rate 
of  densiflcation  is  to  decrease  the  length  of  flow  path.  Tills  can  be 
done  by  placing  intermediate  drainage  layers  within  the  dredged  material 
or  by  adding  vertical  drains.  Because  of  the  large  size  of  disposal 
areas , drainage  layers  must  be  provided  with  collector  pipes  surrounded 
by  suitable  filter  materials.  Also,  vertical  drains  nnist  discharge 
into  drainage  layers  which  in  turn  must  have  collector  pipes . An  ex- 
ception to  this  occurs  where  vertical  drains  discharge  into  underlying 
pumped  drainage  layei-s.  Vertical  drains  accelerate  the  rate  of  con- 
solidation but  do  nothing  to  promote  an  increased  degree  of  densifica- 
tion  or  additional  storage  area  capacity.  This  is  not  the  case,  how- 
ever, with  intermediate  drainage  layers  which  can  result  in  increased 
settlements  and,  hence,  more  storage. 

Secondary  co^,^^JressiQn  effects 

117.  Clay -type  dredged  material  obtained  in  maintenance  dredging 
undergoes  volume  changes  as  a result  of  primary  consolidation,  which 
involves  ^ he  dissipation  of  excess  pore  water  jiressures.  However,  a 
secondary  ype  of  volume  change  occurs  as  a consequence  of  shear 
stresser;  in  t e soi^  These  secondary  compression  effects  can  proceed 
under  sma],]  ex  :ess  hydroslatic  pressure  differentials.  because  they 
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occur  slowli',  pore  pressures  associated  with  secondary  compression 
effects  are,  for  practical  purposes,  negligible.  Secondary  compression 
effects  are  small  for  overconsolidated  soil  and  are  at  a maximxmi  for 
normally  consolidated  soils,  especially  for  stress  increases  only 
slightly  greater  than  the  existing  overburden  stress. 

118.  The  practical  significance  of  secondary  compression  depends 
upon  the  use  of  a given  area  of  soft  soils.  For  exainple,  if  soft  soils 
are  to  be  densified  so  they  can  be  loaded  by  buildings  or  other  similar 
structures,  secondary  compression  effects  normally  must  be  considered 
and  measures  taken  so  that  stabilization  treatment  minimizes  postcon- 
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struction  effects.  Alternatively,  if  the  purpose  of  densif ication 
treatments  is  to  secure  more  storage  capacity  in  a disposal  area,  sec- 
ondary compression  effects  have  little  practical  importance.  For  ex- 
amp], e,  if  increased  storage  capacity  is  being  obtained  by  surcharge 
loading  treatments  or  the  equivalent,  the  ratio  of  storage  volume  ob- 
tained by  secondary  compression  effects  to  that  obtained  by  primary 
consolidation  would  be  in  the  range  of  3 to  10  percent.  In  other  words, 
the  effects  of  secondary  compression  on  available  storage  capacity  are 
not  sufficiently  large  to  be  considered  when  evaluating  storage  capaci- 
ties increases  which  can  be  achieved  by  treatment  methods, 

119.  The  practical  significance  of  secondary  compression  effects 
is  sometimes  evaluated  by  expressing  settlements  from  secondary  com- 
pression as  a fraction  of  settlements  from  primary  consolidation.  This 
is  satisfactory  provided  care  is  exercised  to  obtain  meaningful  com- 
parisons. For  example,  if  small  increments  of  added  effective  stresses 
Ap  are  used  to  estimate  settlements  from  primary  consolidation,  the 
settlements  from  secondary  compression  may  be  a substantial  percentage 
of  primary  consolidation  settJements.  From  a practical  viewpoint,  this 
does  not  demonstrate  the  importance  of  secondary  compression,  because 
neither  type  of  settlements  is  large.  If  this  procedure  is  repeated 
with  larger  increments  of  effect] ve  stress,  it  becomes  evid.ent  that 
secondary  compression  is  not  a significant  factor  in  determining  dis- 
posal area  storage  capacity. 


72 


Practical  considerations 


120.  Pore  pressures  beneath  disposal  areas.  The  weight  of 
dredged  material  placed  in  disposal  areas  in  which  the  subsoil  profile 
consists  of  silt  or  clay  overlying  sand  (Figure  31 ) causes  water  to 
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Figure  31.  Pore  pressures  beneath  disposal  areas 


be  squeezed  from  the  silt  or  clay  strata  into  the  underlying  sand.  In 
addition,  the  pore  pressure  in  the  underlying  foundation  sand  is  in- 
creased because  of  the  high  water  level  in  the  dredged  material.  The 
pore  pressure  in  the  foimdation  sand  may  be  further  increased  if  the 
dredged  material  is  subjected  to  a temporary  sijrcharge.  Outside  the 
retaining  dike  the  pore  pressures  in  the  underlying  foundation  sand  can 
be  high,  thereby  preventing  the  sand  layer  from  fiuictioning  as  a drain- 
age layer  and  impairing  retaining  dike  stability.  To  some  extent,  this 
situation  can  be  alleviated  by  installing  free-flowing  pressure-relief 
wells  outside  the  retaining  dikes.  While  this  may  assux’e  stability  of 
the  retaining  dikes,  it  may  not  make  this  layer  effective  in  providing 
underdrainage  for  the  dredged  material.  V/liere  studies  on  any  specific 
disposa.1  area  show  this  is  the  case,  the  pore  pressures  in  the  foimda- 
tion  sand  can  be  decreased  by  pximping  the  wells.  Also,  it  may  be  nec- 
essary to  Install  wells  within  the  Interior  of  the  dredged  material  dis- 
posal area  because  of  the  large  size. 

121.  Horizontal  drainage  layers.  Where  sand  layers  are  provided 
as  underdrainage  in  dredged  material  disposal  areas,  oi'  as  layers  at 
various  inuemiediate  elevations  within  the  dredged  material,  they  will 


rioi’nially  develop  auch  large  pore  water  pper;aurt;a  as  to  render  them  in- 
effective as  drainage  layers  unless  collector  pipes  are  provided.  'ilie 
design  of  required  collector  pipe  systems  has  been  developed  in  connec- 
tion with  '•onventional  stabilization  procedures  for  soft  soils.  The 
increased  pore  water  pressui-es  within  drainage  layers  are  similar  to 
that  illustrated  in  I-'igure  31. 

122.  Placemern:  of  temporary  surcharge  loads.  The  practical 
asp'ects  of  placing  temporary  surcharge  loads  to  secure  denslf ication 
assumes  great  importance  due  to  the  dJ  fficulty  of  placing  a surcharge 
fill  in  thin  layers  without  locally  building  up  accumulations  of  fill 
that  overstress  the  extremely  soft  dredged  material.  Tliis  can  be  done 
by  using  small  draglines  to  cast  thin  layers  of  material  in  advarice  of 
tb/  fill.  Another  procedure  is  hydraulic  placement,  but  open-end  pipes 
cannot  be  readily  used  because  of  the  rapid  accumulations  of  coarse  ma- 
terial at  the  end  of  the  pipe.  This  accumulation  causes  an  overstress- 
ing of  soft  dredged  material  and  the  development  of  large  mud  waves. 
Undei'water  fill  placement  may  be  beneficial  in  these  cases. 

123.  Types  of  vertical  drains.  Vertical  drains  have,  until  re- 
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cently,  consisted  of  vertical  columns  of  sand  of  a suitable  gradation.’ 
Various  methods  have  been  used  to  install  such  columns  as  jetting,  an- 
gering, displacement  mandrels,  and  subsequent  ejection  of  sand  by  com- 
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pressed  air,  etc.  Vertical  cardboard  drains  were  developed  by  Kjell- 
man,  and  a drain  of  this  type  in  plastic  was  recently  developed  by  the 
Swedish  Geotechnical  Institute  and  is  being  marketed  under  the  trade- 
name Geodrain. 

I2U.  The  extremely  .soft  and  weak  dredged  material  tends  to  favor 
the  siraple.st  possible  installation  technique,  arid  it  seems  possi’bj.e  that 
vertical  drains  could  be  installed  to  limited  depths  by  hand  or  simple 
light  equipment.  From  this  viewpoint,  the  Geodrain  appears  to  be  worth 
irivestigation  and  use  in  preliminary  feasibility  tests  where  vertical 
drains  are  desirable,  A Geodrain  is  self-filtering  and  installation 
techniques  should  be  extremely  simple.  Jetted  or  displacement  drains 
would  bo  satisfactory  from  technical  viewpiolnts  but  require  heavy  equip- 
ment for  installation. 
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125.  Pumped,  drainage  technlquea.  Drainage  techniques  combining 
pumping  with  large  vacuum  pumps  appear  promising  and  probably  can  be 
developed  into  an  automatic  system  requiring  a minimum  of  labor,  partic- 
ularly since  the  consequences  of  a malfunction  would  not  be  significant. 
It  seems  practicable  to  design  the  systems  so  that  dewatering  pumps 
would  operate  as  requix-ed  while  vacuum  pximps  would  function  continuously 
or  could  operate  within  predetermined  limits  of  desired  vacuum. 

126.  Pumped  drainage  and  vacuum  drainage  techniques  appear  most 
practicable  where  the  quantity  of  water  required  to  be  pumped  is  not 
large.  Because  of  the  very  large  size  of  dredged  material  di.sposal 
areas,  the  volume  of  water  would  probably  be  relatively  small  on  a unit 
area  basis  compared  to  converitiona.l  dewatering  projects.  For  this  rea- 
son, pumped  drainage  techniques  might  be  practicable  where  normally  they 
would  be  considered  too  expensive.  The  concept  of  vacuum  pumping  is 
especially  attractive  and  should  be  considered  seriously  as  a treatment 
technique  for  certain  conditions. 

127.  Pumped  wells  with  large  vacuum  pumps  to  secure  vacuum  in 
underlying  drainage  layers  appear  practicable.  However,  based  on  con- 
ventional usage,  pumped  wellpoints  installed  only  in  the  disposal  mate- 
rial do  not  appear  to  be  a viab.le  alternative  because  the  spacing  of 
the  vellfioints  would  have  to  be  so  close  as  to  make  installation  costs 
excessive.  However,  where  an  underlying  sand  layer  exists  in  the  foun- 
dation and  the  wellpoints  are  installed  into  the  underlying  sand,  a 
pumped  weilpoint  would  be  essentially  a pumped  vacuum  system  in  the 
underlying  sand;  and  this  would  require  a relatively  small  nutaber  of 
wellpoints  or  deep  wells  se.'tled  at  the  upper  surface.  This  appears  to 
be  a viable  alternative  to  pumped  wellpoints  of  the  vacuum  type  in- 
stalled only  in  the  dredged  material. 

Analysis  for  Denslficatiozi  Effects 


Concepts  of  densification 

123.  The  reduction  in  water  content  and  volume  of  dredged  mate- 
rial is  necessarily  associated  with  an  increase  in  the  effective  stress, 


i,e.,  the  grain-to-grain  contact  pressure  in  the  dredged  material.  This 
is  the  case  for  any  nonchemical  method  of  densification  and  includes 
treatment  methods  such  as  surcharge  loading,  drainage,  or  desiccation. 

A simple  and  convenient  means  for  comparing  different  treatment  tech- 
niques, therefore,  is  to  compare  effective  stresses  produced  in  the  soil 
by  the  treatment  being  considered.  Such  comparisons  apply  when  excess 
pore  water  pressures  have  been  fully  dissipated,  i.e.,  at  the  end  of  the 
treatment  method.  The  effective  stresses  to  be  discussed  are  ultimate 
or  maximum  possible  values,  which  may  in  some  cases  require  long  time 
periods  to  develop.  The  effect  of  time  wi].l  be  considered  separately. 

Effective  stresses 
for  loading  techniques 

129.  Effective  stresses  in  the  dredged  material  with  the  ground- 
water  level  at  the  surface  are  shown  in  Figure  32.  Similar  stresses 
when  the  groundwater  level  has  dropped  about  2 ft  and  a surface  crust 
has  developed  are  sho^-m  in  Figure  33.  Capillary  '.tresses  in  the  surface 
crust  could  be  D.arge  and  exceed  1 ton/sq  ft.  Effective  stress'  ; possi- 
ble from  sui'charge  loading  are  indicated  in  Figure  3^  and  are  summar:7.ed 
in  Table  I6.  V/hile  effective  stresses  developed  from  desiccation  in 
the  surface  crust  may  be  rather  large,  the  use  of  surcharge  loading  may 
result  in  effective  stresses  at  the  surface  which  exceed  tlie  desiccatiori 
stresses.  In  this  event,  for  surcharge  loading  treatment  methods,  the 
benefits  of  a crust  are  primarily  as  an  aid  to  construction  operations. 

An  advantage  of  surcharge  loading  tecliniques  is  that  even  thick  l.ayerr 
of  dredged  material  ■would  be  benefited. 

Effective  stresses 
for  drainage  treatments 

130.  Effective  stresses  developed  by  various  'irainagc  tcci.rii'iu.. 
are  illustrated  in  Figures  35“30  and  are  summai-ized  in  'J'ablo  I'l’,  UndL-r-- 
lying  drainage  layers  are  quite  effective  and  can  consir.t  of  n.-itur.-ii 
sandy  or  silty  soils  occiirring  in  the  disposal  ai’ea  or  may  consist 
sands  placed  in  the  disposal  area  prior  to  placement  of  dredged  material. 
If  the  groundwater  level  is  initially  at  the  top  of  the  dredged  material 
and  is  gradually  lowered  to  the  top  of  the  underlying  drainage  layer. 
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Figure  32.  Disposal  area  without  densification 


charge 


Figiire  35.  Disposal  area  with  underlying  drainage  layer 
(groundwater  level  lowered  to  base  of  dredged  material) 


fitted  with  large  vacuum  pumps 


negative  pore  water  pi  asures  will  develoii  in  the  dredged  material  and 
these  will  increase  the  effective  stresses.  This  is  shown  in  Figure  35, 
which  shows  effective  stresses  both  with  and  without  pore  water  suction 
or  negative  pressures.  In  addition,  for  a case  such  as  shown,  desicca- 
tion may  substantially  increase  effective  t'  resses  in  near-surface 
.materials . 

131.  Tile  effectiveness  of  underl.ying  drainage  layers  can  be  sub- 
stantially increased  if  the  water  level  in  them  is  lowered  and  if  a par- 
tial vacuum  in  the  drainage  layer  is  maintained  by  vacuum  pumps  attached 
to  or  operated  in  conjunction  with  the  groundwater  lowering  system  (Fig- 
ure 36).  This  type  of  tejlmique  has  been  successfully  used  in  connec- 
tion with  conventional  stabilization  techniques,^'’  and  partial  vacuirms 
of  15  to  20  in.  of  mercury  have  been  obtained  and  maintained.  This  re- 
sults in  greatly  increased  effective  stress  in  the  soil,  as  indicated  in 
Figui'e  36.  From  a teclriical  standpoint,  it  is  immaterial  if  the  drain- 
age layer  occur.s  naturelly  in  the  foundation  of  the  disposal  area  or  if 
it  is  provided  by  placing  sand  materials  on  the  surface  of  the  drainage 
area  pi-ior  to  .storage  of  dredged  material,  A thin  sand  layer  placed 
prior  to  use  of  the  disposal  area  would  require  collector  pipes. 

132.  The  concept  of  using  atmospheric  pr’essure  in  conjunction 

with  sand  layers  in  which  a vacuum  is  induced  was  introduced  by  KJ ell- 
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man  and  has  been  applxed  several  times.  This  concept  is  illustrated 
in  Figure  37.  Vihile  the  case  shown  is  only  for  a sand  layer  on  the  sur- 
face of  the  dredged  material,  i.t  is  also  possible  to  place  such  sand 
la.yers,  in  which  partial  vacuums  are  laaintainod,  at  intermediate  depths 
in  the  dredged  inaterial.  Obviously,  a membrane  must  protect  the  surface 
Sand  layer  and  the  edges  of  all  Scind  layers  must  be  sealed  so  that  par- 
tial vacuums  can  be  maintained  by  a practicable  amount  of  pumping. 

133.  The  uiiderlying  drainage  layers  Illustrated  in  Figures  35  and 
36  and  the  overlying  .sand  layer  illustrated  in  Figure  37  must  be  pro- 
vided with  collector  pipes  for  removal  of  water  from  the  drainage  layers. 
If  collector  pipes  are  not  used,  the  head  Ics.ses  within  the  drainage 
layers  wouJ.d  be  excessive  and  the  dx-ainage  layers  would  not  function  as 
intended. 
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13^.  An  alternative  that  han  never  been  conaidered,  to  the  au- 
thors’ knowledge,  is  seepage  consolidation  stabilization.  In  this  tech- 
nique, water  wcjuld  be  ponded  cn  the  surface  of  the  dredged  material  a2id 
underdrainage  would  be  provided  at  the  base  of  the  dredged  material. 
Downward  seepage  gr6,dien1  s would  act  as  a consolidating  force  causing 
densif ication  (Figure  38).  This  concept  would  require  increased  height 
of  dikes,  and  possibly  interior  dikes  to  minimize  wave  effects  in  large 
disposal  areas.  After  stabilization,  surface  di'ainage  and  surface  dry- 
ing could  be  used  to  increase  effective  stresses  in  the  upper  part  of 
the  dredged  material. 

135-  Effect  stresses  possible  from  the  various  drainage  tech- 
niques are  summarized  in  Table  IT.  By  comparing  Tables  l6  and  17,  it  is 
evident  that  di'ainage  treatments  can  produce  effective  stresses  as  great 
as  those  produced  by  5 to  10  ft  of  temporary  surcharge  loading.  From 
this  standpoint,  drainage  treatment  concepts  are  efficient  means  of  in- 
creasing effective  stresses  in  dredged  material,  which  is  necessary  to 
cause  densit ication. 

Effeoti'/e  stresses 

for  desiccation  treatments 

136.  When  the  rate  of  evaporation  exceeds  the  rainfall,  soil  lo- 
cated above  the  gro’ondwater  level  will  undergo  drying,  which  -induces 
negative  pore  water  pressures  in  the  soil  and,  consequently,  positive 
effective  stresses  in  excess  of  those  caused  by  the  weight  of  the  mate- 
rial. This  is  illustrated  in  Figure  33.  In  fine-grained  materials 
large  negative  pore  water  pressures  can  develop  and  associated  effective 
stresses  are  also  large.  Pore  water  suctions  from  a few  atmospheres 
to  as  large  as  10  or  15  atmospheres  can  develop  in  soil  exposed  to  dry- 
ing. If  a disposal  area  is  drained  so  that  surface  waters  are  removed, 
the  drying  effects  in  areas  where  evaporation  exceeds  rainfall  would  be 
expected  to  gradually  lower  the  groundwater  level,  providing  that  high 
pore  water  pressures  do  not  exist  in  iuiderlying  soils.  The  drying  ef- 
fect and  lowering  of  the  water  level  would,  of  course,  be  greatly  facil- 
itated by  trenching  and  other  surface  drainage  techniques. 

137 • Drying  of  dredged  material  could  also  be  effected  by  plant 
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root  systems,  and  it  has  been  observed  in  engineering  prectice  that 
certain  types  of  vegetation  have  deep  root  systems  capable  of  inducing 
sufficient  drying  to  cause  preconsolidation  stresses  as  high  as  ^00  psf. 
Desiccation  effects  combined  with  even  slight  lowering  of  the  ground- 
water  level,  which  may  occur  either  as  a result  of  trenching  or  as  a 
consequence  of  desiccation  processes,  have  a beneficial  effect  on  mate- 
rial below  the  groundwater  level.  This  results  because  uhe  effective 
weight  of  soil  above  the  groujidwater  level  is  changed  from  initially 
submei'ged  weight  to  a moist  or  saturated  weight.  Thus,  the  material 
above  the  groundwater  level  has  an  effect  similar  to  that  of  a small 
surcharge.  Moisture  content,  shear  strength,  and  preconsolidation 
stress  ehs,nges  resulting  from  desiccation  have  received  only  limited 
attention  in  conventional  engineering  icractice  although  these  effects 
have  been  observed  and  measured.  Eeverthelesc , this  area  is  one  that 
merits  much  more  investigation,  combining  soil  engineering  studies  with 
the  study  of  root  systems  of  various  type.s  of  vegetation. 

V/ater  content  decrease 

138.  The  effect  of  increases  in  effective  stresses  is  to  cause 
donsification  and  water  content  decreases.  The  water  content  decrease 
and  corresponding  LI  are  li.sted  in  Table  18  for  soils  of  v.s,rious  LL  and 
increases  in  effective  stress.  This  table  was  prepared  assuming: 

(a)  initial  water  contents  equal  to  the  LL,  (b)  Atwerberg  limits  plot- 
ting along  tlie  A-line,  and  (c  ) values  of  C^/(l  + e^)  from  correlations 
previously  given.  Water  content  decreases  are  also  plotted  in  Figure  39- 
Volume  de c rease  from  densification 

139-  Effective  stress  increases  for  various  types  of  densifica- 
tion treatments  are  listed  in  Table  19  and  afford  a mean.s  for  comparing 
results  from  various  densification  treatments.  Under  drainage  assuming 
pore  water  suction,  a 500~psf  surcharge,  seepage  consolidation,  scid  a 
surface  vacuum  mat  without  underdrainage  would  each  result  in  an  ulti - 
mate  effective  stress  increase  of  about  500  psf  at  a 5-ft  depth.  A sur- 
face vacuum  mat  combined  with  underdrainage,  seejjage  consolidation  with 
15-in.  vacuiuu  'i  the  underdrainage  layer,  and  a lOOO-pst  surcharge 
would  cause  an  ul.tiinate  effective  stress  incroa.se  of  about  1000  psf 
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INCREASE  IN  EFFECTIVE  STRESS,  PSF 
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Figure  39.  V/ater  content  versus  effective  stress 


at  the  same  depth  and  would  he  exceeded  only  by  an  underlying  drainage 
layer  with  vacuum  pumping,  which  would  cause  an  effective  stress  in- 
crease of  nearly  2000  psf. 

Volume  changes  induced  by  increases  in  effective  stresses 
are  plotted  in  Figure  Uo  for  various  LL,  lliese  were  computed  cn  the 
same  basis  as  water  content  decreases  previously  discussed  and  presented 
in  Table  18  and  Figure  39,  The  volume  decrease  depends  on  the  increase 
in  effective  stress  and  on  the  LL,  especially  for  LL  less  than  100,  as 
shown  in  Figure  J+O.  Since  dredged  material  generally  has  a LL  less 
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than  100,  volume  decreases  (i.e.,  additional  storage  volume)  from  den- 
sification  will  be  less  than  about  15  to  20  percent  of  the  volume  of 
dredged  material.  For  high  LL  (i.e.,  200),  storage  volume  increases 
would  not  exceed  20  or  at  most  30  percent.  For  lower  LL  (i.e.,  50), 
storage  volume  increases  would  not  exceed  about  10  to  15  percent. 

Volume  decrease  from  desiccation 

lUl.  An  important  exception  to  the  above  summary  is  the  case 
where  dredged  material  is  placed  in  thin  layers  and  each  layer  is  sub- 
jected to  severe  desiccation.  Drying  can  lower  water  contents  to  the 
shrinkage  limit,  which  is  close  to  the  PL.  (This  would  cause  soils 
having  water  contents  initially  at  the  LL  to  undergo  volume  decreases 
of  25  to  60  percent,  or  substantially  more  than  could  be  achieved  by 
any  drainage  or  loading  technique, ) While  drainage  at  the  bottom  of 
the  dredged  material  is  significant  (Table  19),  recent  work  by  Kriaek  and 
Casteleiro^*^  has  shown  that  the  evapotranspiration  potential  dominates 
the  rate  of  consolidation  after  desiccation  at  the  surface  has  begun. 
Combined  effects  of  vegetation  and  evaporation  resulted  in  a 30-  to  70- 

percent  increase  in  relative  settlement  (Figure  kl).  Ditching  is  im~ 

18 

portant  in  draining  confined  disposal  areas,  but  transpiration  by 
vegetation  is  highly  effective  for  accelerating  the  consolidation  of 
dredged  material  in  the  thickness  of  material  subject  to  desiccation. 

The  use  of  vegetation  with  high  transpiration  rates  and  the  ability  to 
grow  in  saline  wet  soils  provides  a potential  for  accelerating  the  con- 
solidation rate  of  limited  thicknesses  of  dredged  material  and  thereby 
increasing  the  available  disposal  storage.  A field  test  sponsored  by 
the  DMRP  is  being  conducted  at  the  Grassy  Island  disposal  site  in  the 
Detroit  District  to  study  dredged  material  drying  by  use  of  vegetation 
(the  reed  Phragmltes  communis ). 

Dredged  material  as  borrow 

ll2.  The  suitability  of  densified  fine-grained  dredged  material 
for  use  in  embankments  or  for  other  borrow  purposes  can  be  exan.ined  by 
considering  water  contents  after  densification.  High  LL  soils,  like 
fine-grained  dredged  material,  are  not  good  fili  material  for  many  pur- 
poses, but  might  find  uses  where  borrow  is  scarce. 
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Figure  4l.  Effect  of  bottom  drainage  and  vegetation  on 
the  settlement  of  Penn  T disposal  area  near  Toledo  It'ir- 
bor  by  Casteleiro' s one-dimensional  mathematical  model 
(from  Krizek  and  Casteleiro^-*^ ) 


l>i3.  For  dredged  material  to  be  useful  as  borrt.^w , the  watei' 
contents  would  have  to  be  reduced  to  10  percentage  points  or  less  above- 
the  PL,  with  a maximum  of  ^ desirable.  As  can  be  seen  in  Figure  39 1 t'n 
requirement  could  not  be  met  by  loading  or  arainage  treatments. 

I'll.  llacing  dredgea  material  in  thin  lifts  and  allowiiu:  uj\vi:ig 
to  occur  could  reduce  water  contents  to  near  the  IL,  .as  pi’cvj^usiy  ais- 
cussed.  This  would  make  dredgeu  material  .-.uitable  for  ii'r;-.v  w;, hlg 
LL,  fine-g rained  soils  would  be  aeceptaluv. 
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Dii'iuusaion  of  ljeii!;ification 


.1  Vj . The  various  examples  are  intended  to  illustrate  means  for 
ex;jj:iiiiint:;  effects  of  densification  treatment.  The  computations  made 
are  believed  conservative,  in  that  actual  volume  decreases  that  could 
be  o.cliieved  mi/j;iit  be  gi-eater,  especially  where  initial  water  contents 
at  ti:..e  of  densification  are  more  than  the  LL. 

lib.  The  benefits  of  densifying  .soils  in  disposal  areas  so  water 
contents  are  about  equal  to  the  LL  are  substantial  and  are  coni:idered  to 
be  achievable  by  simple  means.  Additional  storage  volume  i.s  more  diffi- 
cult to  obtain,  and  the  practicability  of  densification  for  this  i^urpose 
must  be  compared  with  the  alternative  of  raising  dikes  surrounding  the 
disposal  area.  The  latter  may  he  a preferred  alternative,  where 
possible. 

lly.  It  is  evident  that  iriany  alternatives  exist  for  densifying 
dredged  material.  This  makes  it  desirable  to  anaiy/.e  actual  conditions 
at  a disposal  area,  since  these  may  govern  selection  of  appropriate 
methods.  Properly  designed  densification  treatments  are  technically 
feasible,  but  this  is  a rather  time-consuming  effort  that  requires  ex- 
perience and  judgment  e.s  well  as  borings  and  laboratory  tests.  In  the 
ultimate  analysis,  selection  of  the  most  appropriate  densification  treat- 
ment will  probably  be  governed  by  economic  factors, 
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PAI^T  VI:  ECONOMIC  C0MFAKIG0N3 


Basis  for  Cost  Comparlsona 

lU8.  The  eosb  of  densifying  dredged  material  depends,  to  a large 
extent,  upon  local  conditions  at  a site,  such  as  foundation  compress- 
ibility, time  available  for  treatment,  and  flexibility  for  scheduling 
storage  of  dredged  material  in  different  sections  of  the  disposal  area. 
These  can  be  considered  in  a specific  manner  when  comparing  the  cost  of 
various  treatment  alternatives  for  a disposal  area  and  may  govern  choice 
of  the  most  appropriate  method.  Cost  comparisons  of  alternative  treat- 
ment methods  presented  in  this  sectron  neglect  the  effects  of  local 
cc.riditions . Consequently,  data  pi'esented  are  intended  only  to  provide 
order  of  magnitude  of  densificatioii  costs  and  to  illustrate  factor, 
involved, 

IU9,  One  of  the  principal  factors  influencing  the  cost  of  dredged 
material  treatment  is  the  time  available  for  densif ication , i.e.,  how 
soon  will,  added  storage  capacity  in  the  disposal  area  be  required?  Some 
treatment  methods  may  produce  the  desired  densif ication  but  require  a 
long  time.  Where  necessary,  added  drainage  can  be  provided,  to  acceler- 
ate the  rate  of  densif ication , but  this  benefit  is  secured  only  at  a sig- 
nificant cost  increase.  If  planning  for  densif ication  is  made  when  a 
disposa.1  area  is  first  developed,  minimum  cost  treatnients  can  be  se- 
lected. Alternatively,  if  only  a few  years  are  available  to  obtain 
densification  and  added  storage  capacity,  some  low-cost  alternatives 
will  be  precluded. 

150.  In  g-neral,  it  appears  desirable  to  anticipate  the  need  for 
increased  storage  capacity  from  dredged  material  densification  at  least 
10  yr  prior  to  the  time  added  capacity  will  be  needed,  and  even  thi.s 
time  period  may  be  insufficient.  Unless  increased  storage  capacity  from 
densification  of  dredged  material  is  anticipated  when  the  disposal  area 
is  first  opened,  underdrainage  layers  that  may  result  in  minimum  cost 
cannot  be  installed.  In  addition,  to  preclude  the  necessity  for  expen- 
sive installations  solely  to  accelerate  the  rate  ol’  consolidation, 
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anticipaLion  timcG  for  desired  storage  capacity  increase  should  prefer- 
ably be  from  10  to  30  yr. 


Dcnsif ication  by  Ixjading 


Temporary  eaith  surcharge 

Ibil.  The  placement  of  a temporary  surcharge  on  the  surface  of  a 
disposal  area  is  virtually  impossible  until  after  a surface  crust  has 
formed.  Thus,  for  economic  comparison  purposes,  it  vill  be  asstmed  that 
the  disposal  area  has  been  drained  and  that  an  approximately  2-ft-thick 
surface  crust  has  developed,  so  that  light  construction  operations  can 
be  performed  in  the  disposal  area.  It  will  be  assumed  also  that  the 
groundwater  level  is  2 ft  below  the  surface  and  that  soils  are  consoli- 
dated below  this  depth  only  by  their  ovm  weight  and  by  the  weight  of  the 
crust . 

152.  The  basis  for  the  settlement  and  cost  estimates  is  shown  in 
Appendix  C.  The  settlements  were  estimated  assuming  soils  are  fine- 
grained silty  clays  and  clays  plotting  on  the  A-line  of  the  plasticity 
plot.  Various  correlations  were  used  between  compressibilj.ty  and  soil 
properties  (Part  V and  Appendix  C).  The  cost  of  added  storage  volume 
obtained  for  various  thicknesses  of  temporary  surcharge  fill  is  shown 
in  Figure  U2  for  soils  having  various  LL  and  for  a 10-ft  thicknesp  of 
dredged  material.  The  costs  shown  in  this  figure  ire  approximately  in- 
versely proportional  to  the  thickness  of  dredged  material  since  the 
temporary  surcharge  fill  would  cause  constant  effective  stress  increases 
regardless  of  thickness  of  dredged  material.  Thus,  if  a 20- ft  thickness 
of  dredged  material  was  being  loaded,  the  costs  shown  in  this  figure 
would  be  reduced  by  at  least  one-half.  Figure  h2  illustrates  that  the 
cost  of  treating  soils  of  low  plasticity  (i.e.,  relatively  low  LL  such 
as  50)  is  high  because  the  soils  are  not  highly  compressible  and  the 
additional  storage  volume  that  can  be  obtained  is  small.  In  contrast, 
treatment  cost  for  coils  having  high  LL  (lOO  or  higlier)  drops  sharply 
because  of  the  added  consolidation  obtained  by  tl>e  siuiie  amount  of  sur- 
chirge  fill. 
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NOTE;  COST  ESTIMATE  BASED  ON  SURCHARGE  FILL  COST 
OF  S1/CU  YD  FOR  lO-FT  THICKNESS  OF 
DREDGED  MATERIAL. 


Figure  h2.  Cost  9f  added  disposal  storage  using  temporary 

surcharge  fill 


153.  The  added  storage  capacity,  expressed  in  cubic  yards  per 
acre,  for  dredged  material  having  various  LL  and  heights  of  temporary 
suT’charge  fill  is  s'ummarized  in  Table  20.  This  table  also  shows  the 
cost  of  densif ication  treatment  per  cubic  yard  of  storage  and  also  per 
acre  of  disposal  area.  As  indicated,  these  costs  were  estimated  assum- 
ing a placement  and  removal  charge  of  $1.00  per  cubic  yard  of  temporary 
surcharge  fill.  In  any  specific  instance,  the  cost  could  be  substan- 
tially different. 

154,  When  using  a surcharge  fill  and  computing  fill  cost.;,  foi-  a 


9h 


for 


speciri-C  wite,  it  can  be  assumed  that  the  disposal  area  is  divided  into 
sections  and  that  the  temporary  surcharge  fill  is  placed  in  one  section 
and,  after  detisif ication  is  achieved,  is  moved  to  successive  sections  so 
that  tlie  fill  is  reused  a number  of  times.  The  placement  and  removal  of 
fill  in  eacti  section  would  be  the  principal  charge,  together  with  the 
initial  cost  of  the  fill  divided  by  the  expected  number  of  reuses.  The 
cost  of  additional  storage,  per  cubic  yard  and  per  acre  of  disposal  area, 
is  inversely  proportional  to  the  cost  of  the  surcharge  fill.  In  many- 
geographical  locations  it  will  he  possible  to  sell  a sand  surcharge  fill 
when  it  is  no  longer  required.  This  would  have  to  be  evaluated  on  a 
site-per-site  basis, 

155-  The  computations  and  data  summarized  in  Table  20  are  approx- 
imate and  neglect  factors  that  would  be  included  when  making  computa- 
tions for  a specific  site.  For  example,  a site  analysis  would  consider: 
(a)  possible  submergence  of  surcharge  fill  below  the  groundv/ater  level, 
therefore  decreasing  its  effective  weighty  (b)  actual  thickness  of 
dredged  material  being  treated,  which  would  influence  the  amount  of 
settlement  obtained;  and  (c)  consolidation  of  underlying  compressible 
natural  foundation  soils,  which  would  add  to  the  storage  volume  avail- 
able from  treatment  of  dredged  material.  The  time  requi.red  to  secure 
densif ication  (discussed  in  Part  V)  fo2-  dredged  material  thicknesses 
more  than  10  ft  maj'  be  so  long  that  means  to  accelerate  the  rate  of  con- 
solidation may  be  necessary. 

Temporary  surcharge 
fill  with  vertical  drains 

156.  Where  the  thickness  and/or  consolidation  characteristics  of 
homogeneous  dredged  material  and  time  available  for  densification  re- 
quire vertical  drains  to  accelerate  the  rate  of  consolidation,  the 
drains  must  be  installed  with  fairly  close  spacings;  otherwise,  con- 
solidation will  be  dominated  by  vertical  fj.ow  and  the  drains  will  serve 
no  useful  purpose.  An  exception  arises  if  intermediate  horizontal  sand 
layers  exist  in  the  dredged  material,  ei-.  her  accidentally  or  deliber- 
ately. This  case  can  be  considered  on  its  merits  by  separate  computa- 


![}'(.  The  coat  estimate  using  vertical  drainii  assumed  that  20  ft 
of  dredged  material  had  been  placed  in  a disposal  area  and  that  a crust 
had  developed,  Under.lofing  soils  were  considered  normally  consolidated 
under  the  weight  of  o\er lying  materials.  For  illustrative  purposes,  a 
G_^  of  0.02  sq  ft/day  was  assumed  and  it  was  stipulated  that  90-percent 
consolidation  be  achieved  in  5 y"-  As  before,  the  di-edged  material  was 
assumed  to  plot  along  the  A-line  on  the  plasticity  plot.  The  computa- 
tions are  presented  in  Appendix  C,  page  CU,  for  a case  where  vertical 
drains  cost  $1.00  per  linear  foot,  a collector  pipe  system  costs  $1200 
per  acre  of  treated  area,  and  sand  surcharge  fill  costs  $1.00  per  cubic 
yard.  Obviously,  these  cost  figures  would  have  to  be  adjusted  for  spe- 
cific locations.  The  cost  of  vertical  drains  at  $1.00  per  linear  foot 
for  vez’tical  sand  drains  is  comparatively  low  since  a short  installation 
time  would  be  anticipated  for  drains  in  soft  materials.  Other  type 
drains  could  be  used,  but  costs  are  believed  generally  similar. 

158.  The  added  storage  that  could  be  obtained,  expressed  as  cubic 
yards  per  acre  of  disposal  area,  is  summarized  in  Tab].e  20  for  soils 
having  various  LL  and  subjected  to  surcharge  fill  thicknesses  of  1,  H , 
and  10  ft.  The  cost  of  densification  per  cubic  yard,  the  added  storage 
capacity  obtained,  and  the  cost  per  acre  of  disposal  area  are  also  sum- 
marized in  Table  20.  It  can  be  seen  that  a high  premium  must  be  paid 
for  vertical  drains.  This  added  cost  was  incurred  because  of  the  re- 
quirement imposed  that  90-percent  average  consolidation  be  achieved  in 

5 yr.  As  illustrated  in  Figure  30,  for  a fill  thickness  of  20  ft  having 
one-way  drainage,  50-percent  consolidation  would  be  achieved  in  about 
22  yr  without  drains.  Obviously,  it  is  beneficial  to  make  long-range 
plans  in  an  effort  to  avoid  the  cost  for  vertical  drains  to  accelerate 
consolidation. 

Pended  water  surcharge 

159.  This  alternative  would  generally  follow  work  done  by  NYPA 
a,nd  would  consist  of  20-mil  unreinforced  PVC  membrane,  a sand  drainage 
layer  immediately  beneath  the  membrane,  and  collector  pipes  in  the  sand 
drainage  layer.  The  total  cost  is  approximately  $12,700  per  acre  lAp- 
pjeridix  C,  page  CT). 
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160.  The  added  storage  available  in  cubic  ya.rds  per  acre  for 
soils  having  Various  LL  is  tabulated  in  Table  20  for  -watei-  depths  of 

8 and  16  ft,  correspionding  to  surcharge  loads  of  500  and  1000  psf,  re- 
spectively. The  cost  of  derisificatiou  treatment  per  cubic  yard  of  added 
storage  is  also  shown  in  this  table.  Hie  cost  figures  shown  do  not  re- 
flect the  added  height  of  retaining  di;  es  required  to  confine  the  ponded 
water.  Neither  Jo  the  cost  figures  include  wave  protection,  which  might 
be  necessary  if  large  disposal  areas  were  subjected  to  water  ponding. 

Tlie  use  of  interior  dikes  could  reduce  wave  heights  and  reinforced  PVC 
could,  protect  dikes.  While  these  costs  might  total  appreciable  amounts, 
they  were  not  included  because  the  effect  on  average  cost  per  cubic  yard 
of  additional  storage  obtained  would  be  largely  dependent  on  the  con- 
figuration and  size  of  tVie  disposal  area  and  would  not  be  expected  to 
govern  selection  of  a treatment  method. 

Surface  vacuum  mat 

161.  The  ICjellman  type  of  vacuum  mat  used  to  apply  surface  load- 
ing by  atmospheric  pressure  was  assumed  to  consist  of  a membrane,  sand 
blanket  with  collectors  and  water,  and  vacuum  pumping.  A vacuum  of 
about  15  in.  of  mercury  or  about  1000  psf  was  assumed  (Appendix  C, 
page  C8).  The  cost  estimate  assumed  a pumping  time  of  5 yr  witti  auto- 
matic pumps.  Storage  available  and  cost  per  cubic  yard  of  increased 
storage  are  summarized  in  Table  20. 

Densifi cation  by  Drainage 


Underdrainage 

162.  The  use  of  an  underdrainage  layer  to  effect  densification 
is  illustrated  in  Figure  35-  The  sand  layer  sho^'u  in  this  figure  can 
be  a naturally  occurring  foundation  layer  or  one  placed  on  the  bottom 
of  the  disposal  area  prior  to  placing  dredged  material.  Consolidation 
of  overlying  dredged  material  would  develop  pore  uressures  in  a sand 
blanket,  which  could  be  reduced  by  a collector  pipe  system  in  the  sand 
layer.  Such  a collector  pipe  system  would  probably  be  required  even  if 
the  foundation  consisted  of  sands  because  of  the  large  size  of  disposal 
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area:i.  As  previously  discussed,  this  results  in  large  pore  pressures 
in  sand  layers  and  renders  them  inefficient  for  use  as  druirmge  layers 
unless  collector  pipes  are  used 

1.63.  I'o  he  conservative,  the  cost  estimate  presented  in  Appen- 
dix C,  page  CIO,  assumed  that  pore  water  suctions  in  dredged  material 
did  and  did  not  develop.  The  results  are  summari-zed  in  Table  20  for 
the  conservative  assumption  that  suction  pressures  did  not  develop  in 
the  dredged  material.  If  such  suctions  developed,  and  there  is  good 
reason  to  believe  this  would  be  the  case,  the  volumes  of  additional 
storage  would  be  approximately  twice  the  values  shown  in  Table  20  and 
the  cost  per  cubic  yard  of  additional  storage  would  be  approximately 
one-half.  These  computations  were  made  for  a 10- ft  thickness  of  dredged 
material. 

Pumped  underlying 
drainage  layer  with  vacuum 

164.  The  conditions  for  this  case  (Figure  36)  could  be  developed 
by  pumping  from  an  underlying  drainage  layer  with  a high  vacuum  main- 
tained by  vacuum  pumps.  la  computing  benefits  from  such  a system,  it 
was  assumed  that  a crust  had  formed  to  a depth  of  2 ft  and  that  under- 
lying soils  were  normally  consolidated.  Pumping  of  water  and  develop- 
ment of  a vacuum  in  an  xuiderlying  drainage  layer  would  cause  additional 
settlement.  Cost  estimates  (Appendix  C,  page  Cll ) assume  that  pumping 
and.  maintenance  of  a vacuum  wou.ld  be  necessary  for  a 5-yr  period  on  the 
premise  that  this  would  result  in  [}0-pcrcent  consolidation  of  the 
dredged  material.  This  time  (Fig'oi’e  30 ) applies  for  one-way  drainage, 
a 10-ft  length  of  drainage  path,  and  a coefficient  of  consolidation  of 
the  dredged  material  of  0.01  sq  ft/day. 

165.  If  the  foundation  material  of  the  disposa.l  area  contained 
pervious  sands,  the  only  cost  world  he  the  pumping  involved.  Costs  per 
cubic  yard  of  additional  storage  obtained  are  summari-zed  for  this  case 
in  Table  20.  If  the  puunping  period  could  be  reduced  substantially,  as 
would  be  the  case  if  the  coefficient  of  consolidation  of  the  dredged 
material  were  higher,  the  cost  would  be  reduced  correspondingly. 

166.  In  the  event  that  the  disposal  area  did  not  have  pervious 
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loundation  ;'.ands,  ttiia  treatment  method  could  be  used  by  placing  a 1-t't 
sand  layer  on  the  surface  of  the  disposal  area,  together  with  collector 
pipes  embedded  in  the  sand,  as  shown  in  figure  37-  The  addition  of  a 
sand  layer  and  collector  pipes  would  increase  costs  shown,  in  Table  20 
by  approximately  4o  percent.  If  consolidation  proceeded  more  rapidly, 
the  available  storage  volume  would  be  correspondingly  increased  and  the 
cost  per  cubic  yard  of  storage  obtained  would  be  decreased.  Actual 
costs  for  this  treatment  technique  are  largely  dependent  on  local  site 
conditions  and  figures  shown  should  he  interpreted  to  Illustrate  order 
of  magnitude  costs  for  this  technique. 

Seepage  consolidation 
with  ponded  water  surcharge 

167.  If  dredged  material  is  placed  on  an  underdrainage  layer  in 
which  the  water  level  is  maintained  at  the  top  of  the  layer,  water  will 
drain  out  of  the  dredged  material  into  the  drainage  layer  and  will  exert 
a seepage  pressure  on  the  dredged  material.  If  water  is  ponded  above 
the  dredged  material,  the  seepage  gradient  and  seepage  forces  through 
the  dredged  material  will  increase,  tending  to  consolidate  the  dredged 
material  (Figure  38).  TTiis  alternative  was  evaluated  assuming  that  a 
drying  crust  had  formed  to  a depth  of  2 ft  and  the  added  sLorage  ob- 
tained would  bo  in  addition  to  that  resulting  from  consolidation  of 
dredged  material  under  the  vreight  of  a 2-ft  crust.  This  is  consistent 
with  evaluation  for  other  techniques. 

168.  Computations  for  this  case  are  presented  in  Appendix  C, 
page  CI3,  and  assume  that  evaporation  and  rainfall  are  in  balance  over 
a 1-yr  period  so  that  maintenance  of  the  pond  would  not  be  significant. 
It  was  further  assumed  that  an  effective  natural  underdrainage  layei- 
did  not  exist  and  that  it  would  be  necessary  to  provide  an  artificial 
layer  with  embedded  co.Ilecti.  r pipes.  A 10-ft  thickness  of  dredged  ma- 
terial was  assumed  with  water  ponded  to  a depth  of  10  ft.  For  these 
conditions,  tne  quantity  of  added  storage  that  would  result  for  various 
dredged  material  is  summarised  in  Table  20  together  with  the  cost  per 
cubic  yard  of  additional  storage  obtained. 

169.  If  a site  had  an  existing  underdrainage  layer  capable  of 
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conducting  seepage  away,  the  cost  I'or  stabilization  would  be  only  the 
cost  of  raising  the  retaining  dikes  and  pumping  in  water.  Neglecting 
the  cost  of  the  dikes,  which  would  have  to  be  estimated,  in  accordance 
with  the  size  of  the  area  and  height  required,  the  cost  for  pumping  only 
Would  amount  to  only  $0.10  to  $0.15  per  cubic  yard  of  additional  storage 
volume  obtained,  which  would  be  exceedingly  inexpensive. 

170.  The  section  shown  in  Figure  assvunes  a hoinogeaeous  thick- 
ness of  dredged  material.  This  could  be  expected  if  the  dredged  mate- 
rial was  placed  continuously.  In  the  event  that  dredged  material  was 
placed  intermittently,  a drying  crust  would  develop  on  the  surface  of 
each  lift.  These  crusts  would  have  reduced  permeabilities  and  would 
serve  as  partial  barriers  to  downward  seepage.  The  effect  would  be  to 
decrease  consolidation  of  material  above  a crust  and  increase  consolida- 
tion of  material  beneath  a crust.  This  is  not  necessari.ly  an  argument 
against  permitting  crust  development  during  intermittent  deposition  of 
dredged  material  in  the  disposal  areas  because  the  development  of  a 
crust  automatically  entails  a volume  reduction  and,  hence,  increased 
stoi'a.ge  capacity.  Detailed  studies  might  show,  however,  that  the  per- 
meability reduction  resulting  from  formation  o.f  a crust  would  be  unde- 
sirable and  that  better  overall  results  would  be  achieved  i.f  crust 
development  were  not  permitted.  This  aspect  should  be  investigated  by 
additional  studies. 

171.  No  Instance  is  known  where  water’  ponding  without  a membrane 
has  been  used.  However,  seepage  pressures  do  exist  and  would  cause  in- 
creased effective  stresses  in  the  dredged  material.  Hence,  the  concept 
of  this  treatment  alternative  is  considered  sound  although  the  teclmique 
itself  is  regarded  as  exper.imental. 

Densificabion  by  Desiccation 

Incremental  placement  of  dredged  marerial 

172.  If  dredged  laaterial  is  placed  in  increments  of  1 to  3 ft  and 
allowed  to  dry,  the  water  content  can  be  reduced  to  about  the  PL  if 
drying  conditions  are  favorable.  Hiis  type  of  disposal  area  operation 
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might  be  feasible  if  the  area  available  is  large  enough  to  be  divided 
into  sections,  some  of  which  are  drying  while  others  are  receiving 
dredgea  material. 

1Y3.  The  cost  of  this  alternative  was  estimated  assuming  that 
nominal  labor  and  equipment  costs  would  be  incurred  to  maintain  good 
surface  drainage  (Appendix  C,  page  C15 ) . The  coats  and  increased 
storage  for  this  treatment  are  summari-^ed  in  Table  20  for  volume  bene- 
fits that  correspond  to  a water  content  reduction  from  the  LL  to  the  PL. 
Volume  reduction  from  the  placement  water  content  to  the  LL  was  not 
credited,  considering  that  it  would  develop  with  nominal  maintenance, 
as  done  for  the  other  treatment  alternatives. 

Other  desiccation  techniques 

17^1.  Capillarj  wicks  and  internal  thermal  treatments  are  re- 
garded as  being  in  a research  stage  and  not  amenable  to  cost  analyses. 
The  cost  for  treatment  by  capil].ary  wicks  might  be  relatively  low,  but 
this  cannot  be  expected  for  internal  thermal  treatments. 

Evaluation  of  Densification  Benefits 


Increased  disposal 
area  storage  capacity 

175.  The  data  shown  in  Table  20  are  arranged  in  Table  21  accord- 
ing to  the  amount  of  added  storage,  expressed  in  cubic  yards  per  acre  of 
disposal  o,rea.  This  facilitates  examination  of  treatment  alternatives 
where  the  amount  of  added  storage  which  can  be  obtained  is  the  para- 
mount consideration.  The  data  shown  are  for  a 10- ft  thickness  of 
dredged  matei’ial  being  subjected  to  densification  treatment.  Some  tech- 
niques would  produce  added  benefits  in  approximately  direct  proportion 
to  the  thickness  of  dredged  material  being  treated,  but  associated  ques- 
tions such  as  tirae  for  consolidation  might  become  paramount  and  vrauld 
have  to  be  determined  on  an  individual  site  basis. 

Cost  of  increased  stoi'age  capacity 

176.  For  many  locations,  the  feasibility  of  den.;ification  treat- 
ment will  depend  on  the  cost  per  cubic  yard  of  added  storage  capo.city. 
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Kor  this  reason,  the  do.ta  summarized  in  Table  ?0  are  listed  in  Table 
aecording  to  the  cost  of  denoification  per  cubic  yard  of  storage.  The 
cost  data  showT:i,  as  previously  stressed,  are  extremely  approximate  and 
are  intended  to  indicate  only  the  order  of  magnitude.  It  is  evident 
that  deiisification  treatment  to  obtain  added  storage  is  an  expensive 
process,  except  for  desiccation  by  placing  in  thin  layers  and  for  some 
drainage  techniques. 

ITT-  'i'he  principal  limitation  of  the  volume  and  cost  estimates 
shown  in  Tables  20-22  is  that  foundation  settlement  is  ignored.  At  some 
sites,  this  will  equal  or  exceed  dredged  material  settlement  and  may 
drastically  alter  conclusions  reached  by  considering  only  the  dredged 
material.  Another  limitation  of  data  shovm  on  these  tables  is  that  only 
a IC-ft  thickness  of  dredged  material  is  assumed. 

Raising  retaining  dikes 

178.  The  information  shown  in  Tables  20-22  can  also  be  evaluated 
by  comparing  treatment  results  with  the  volume  and  cost  of  additional 
storage  obtained  by  raising  the  retaining  dikes.  The  cost  of  retaining 
dikes,  expressed  in  terms  of  cost  per  acre  of  disposal  are.;,  is  heavily 
dependent  on  foundation  conditions,  the  size  of  area,  and  other  factors. 
IJeverUieless , to  obtain  the  general  order  of  magnitude  of  what  is  in- 
volved, estimates  were  ma^.e  for  retaining  dikes  having  a crown  width  of 
5 ft  (Appendix  C,  page  CIT).  i'or  one-on-foui'  side  slopes,,  the  added 
volume  of  dike,  expressed  in  terms  of  volume  of  dikes  per  acre  of  a 
1000-  by  3000-ft  disposal  area,  is  shown  in  Table  23  together  with  the 
added  storage  volume  obtained  by  raising  the  dikes.  H:e  added  volume 
is  also  expressed  in  terms  of  cubic  yards  per  acre  of  storage  area.  The 
added  storage  volume  that  can  be  obtained  per  acre  by  raising  the  height 
of  dikes  in  increments  is  shown  in  Table  23  for  dikes  having  side  slopes 
of  one-on-four  and  a crovm  width  of  5 ft • 

179-  Comparing  this  added  storage  volume  with  the  additional 
storage  shoim  in  Table  22  for  various  dredged  material  treatment  tech- 
niques shows  that  increased  storage  ca,pacity  can  most  easily  be  ob- 
tained merely  by  raising  the  height  of  dikes  slightly.  As  suinmarized 
in  Table  2h , raising  the  dikes  no  more  than  2 ft  is  the  equal  of  all 
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treatmeuLfi  liated  in  Table  21  except  I’or  the  desiccation  teclmique,  and 
ruising  tlie  dJ.kes  3 ft  is  Lhe  equal  of  all  treatments  considered.  If 
the  thickness  of  dredged  material  is  more  than  about  10  ft,  the  added 
storage  that  can  be  obtained  from  densification  treatme-  ' will  be  in- 
creased, and  equal  storage  capacity  without  treatment  would  require 
higher  dikes.  In  terms  of  the  cost  per  cubic  yard  of  additional  storage, 
it  is  evident  (Table  23)  that  the  approximate  cost  of  p-  .iding  aided 
storage  capacity  by  raising  f^e  dikes,  $0.25  per  cubic  yard,  is  substan- 
tially less  than  for  any  dens  ication  technique,  including  desiccation 
by  placing  in  thin  layers,  dr  ing,  and  trenching. 

Conclusions  of  Densification  Treatment 

180.  It  is  evident  that  the  densification  treatment  of  dredged 
material  placed  in  disposal  areas  is  a practical  alternative  only  where 
raising  the  dikes  is  prevented  by  legal  or  environmental  considerations, 
or  where  the  cost  of  dike  raising  is  relatively  large  because  of  the 
small  size  of  the  disposal  area.  IJevertheless , there  are  cases  where 
dikes  cannot  be  ra.i3ed.  Economic  comparisons  favor  raising  dikes  as  a 
means  of  obtaining  additional  storage  capacity  at  minimum  cost, 

181.  These  comparative  volume  and  cost  data  do  not  include  desic- 
cation by  internal  thermal  ti’eatment  of  dredged  material.  This  tech- 

is  undeveloped  in  the  United  States  and  meaningful  comments  concerning 
its  application  cannot  be  made.  However,  since  this  type  of  work  has 
been  undertaken  in  Russia  and  other  countries  to  varying  extents,  it  may 
be  desirable  to  consider  this  subject  area  for  research. 

182.  The  various  densification  treatment  techniques  have  been 
discussed  solely  from  the  viewptoint  of  obtaining  additional  storage  vol- 
ume in  disposal  areas.  Vdiere  the  eventual  development  of  a disposal 
area  entails  construction  of  buildings  or  other  structures,  the  efficacy 
of  densification  treatment  can  be  evaluated  using  engineering  analyses 

29  30 

such  as  have  been  discussed  in  this  report  and  elsewhere.  ’ It  has 
been  adequately  demonstrated  by  work  at  many  locations  that  soils  found 
in  disposal  areas  are  of  types  that  can  be  densified  adequately  for  many 
development  purposes . 
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— Mir  II  fci 


PART  VII:  RECavB-IENDED  RESEARCH 


183.  The  presentation  of  methods  of  analysis  for  total  and  time 
rate  of  consolidation  settlements  and  for  secondary  compression  have  not 
emphasized  uncertainties  involved  vhen  using  these  procedures  for  high- 
water-content  dredged  matei-ial.  Similarly,  comments  have  not  been  made 
regarding  limitations  of  the  various  densification  techniques,  nor  for 
recommended  research.  This  was  done  to  make  the  presentations  and  eval- 
uations concise,  but  in  some  cases,  research  is  desirable. 

184.  The  general  concepts  of  consolidation  are  reasonably  well 
understood  regarding  computation  of  total  settlements.  In  any  specific 
case,  laboratory  consolidation  tests  can  be  performed  that  determine  the 
consolidation  characteristics.  However,  little  is  known  concerning  the 
combined  sedimentation-consolidation  of  soils  under  extremely  small  in- 
crements of  loading. 


Laboratory  Research 

Sedimentation-consolidation  processes 

185.  When  densifying  dredged  material , the  initial  conditions  of 
the  soil  are  considerably  different  than  those  for  which  much  engineer- 
ing experience  has  been  accumulated.  Consequently,  the  time  rate  and 
amount  of  consolidation  should  be  researched  under  extremely  small  load- 
ings and  urider  small  increments  of  loads.  This  work  should  start  with 
typical  slurries  and  simulate  prototype  conditions  through  densification 
treatment.  Consolidation  properties  that  are  regarded  as  constant  in 
conventional  soils  engineering  practice  are  variable  when  consolidation 
takes  place  over  a large  range  in  void  ratios.  Further,  initial  con- 
ditions arc  inadequately  known.  Variable  soil  properties  can  be  con- 
sidered by  available  computer  analyses  but  appropriate  soil  properties 
input  are  largely  unknown. 

186.  Dredged  material  sedimentation  and  consolidation  are  a com- 
bined and  continuous  process  unlike  condi-.ions  in  conventional  engineer- 
ing practice  wherein  only  the  consolidation  phase  is  considered.  Some 
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research  has  been  accomplished  it.  which  sedimentation  and  consolidation 
have  been  jointly  studied,  but  the  height-to-diameter  ratios  of  equip- 
ment used  restrict  the  validity  of  the  work.  Research  on  consolidation 
test  requirements  has  shown  that  height-to-diameter  ratios  are  critical, 
and  values  of  about  0.33  to  1 are  generally  used  in  engineering  practice. 
In  contrast,  height-to-diameter  ratios  used  in  sedimentation  or  slurry 
consolidation  tests  have  been  about  I.5  to  1,  or  the  height  has  been 
about  l4  times  larger  than  considered  appropriate  for  consolidation 
tests.  This  difference  would  cause  large  sidewall  friction  forces  to 
develop  and  makes  the  test  results  questionable,  although  they  are  prob- 
ably correct  qualitatively  and  useful  for  illustrating  concepts  and 
mechanisms.  The  principal  reason  why  large,  instead  of  small,  height- 
to-diameter  ratios  have  been  used  is,  of  course,  the  practical  one  of 
ease  of  testing. 

187.  The  importance  of  correctly  simulating  prototype 
sedimentation-consolidation  processes  under  controlled  conditions 
warrants  construction  of  a large  sedimentation-consolidation  device  that 
n .re  closely  meets  normal  criteria  for  height-to-diameter  ratios.  For 
this  reason,  devices  6 ft  high  and  U,  8,  and  12  ft  in  diameter  are  rec- 
ommended. These  devices  would  be  simple  to  construct  and  operate,  since 
required  loading  capacity  is  small,  not  over  about  2000  psf.  The  de- 
vices should  be  thoroughly  instrumented  with  piezometers  at  various 
levels;  side  ports  for  X-rays,  samples,  pressure  cells,  etc.;  and  facil- 
ities to  simulate  underdrainage,  surface  drainage,  desiccation,  seepage 
consolidation,  and  other  treatment  techniques.  Since  these  devices 
would  be  filled  with  various  typical  dredged  material  slurries  placed 
by  pumps,  operating  costs  would  be  small.  If,  for  example,  such  devices 
had  to  be  filled  with  hand-p.laced  and  compacted  soil,  the  cost  would  be 
large,  but  this  would  not  be  the  case  for  dredged  material. 

188.  Equipment  of  the  type  recommended  would  be  used  to  investi- 
gate the  combined  process  of  sedimentation-consolidation  followed  by 
various  desiccation  or  densification  treatments.  Such  tests  are  con- 
sidered essential  for  establishing  initial  conditions  of  disposal  areas 
at  the  time  densification  treatments,  including  desiccation,  might  be 
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undertaken  and  I'or  establishing  the  validity  of  theoretical  analyses  oi 
disposal  area  treatment. 

Secondary  compress  j on  resoa,rch 

189.  Vdiile  secondai'y  compression  of  soils  is  only  partially 
understood,  it  may  not  appear  to  be  sufficiently  important  to  disposal 
a,rea  usage  to  require  additional  research.  Tliis  is  probably  the  case 
where  effects  of  densification  treatment  on  dredged  material  of  speci- 
fied initial  conditions  are  being  evaluated.  Secondary  compression  is 
considered  relatively  unimportant  when  effective  stress  increases  are 
large,  but  is  important  when  effective  sti'ess  increases  are  small,  as 
during  sedimentation-consolidation.  Because  secondary  compares sicn  ef- 
fects are  possibly  of  major  importance  in  determining  the  initial  con- 
ditions of  dredged  material  at  the  time  densification  treatment  is 
xindertaken,  the  research  with  large  sedimontation-consolidomoters  should 
include  study  of  secondary  compression  effects.  The  uncertainty  in  de- 
termining initial  conditions  of  dredged  material  is  of  decisive  impor- 
tance in  evaluating  effects  of  densification  treatment. 

190.  If  a disposal  area  is  to  be  extensively  developed  for  build- 
ing construction,  further  research  on  secondary  compression  is  highly 
desirable.  Details  of  recojiaiieuded  I’esearch  are  not  presented  in  this 
report  because  development  of  disposal  areas  for  such  purposes  has  not 
been  assigned  a high  jjriority. 

Atterberg  limits  research 

19!.  The  utility  of  Atterberg  limits  for  describing  initial  con- 
ditions in  disjjosal  ai’eas  and  to  facilitate  computation  of  total  and 
time  rate  of  settlements  has  been  demonstrated  by  analyses  previously 
presented.  The  Atterberg  limits  used  were  the  Atterberg  LL  and  PL; 
however,  Atterberg  also  defined  an  "upper  liquid  limit"  which  should  be 

exjjlored  further  since  it  relates  closely  to  the  placement  and  subse- 
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quent  changes  in  dredged  material  placed  in  disposal  areas. 

192.  Atterberg  defined  tha  upjper  LL  as  the  "upper  limit  of  vis- 
cous flow;  that  is,  the  limit  at  which  a clay  slurry  retains  so  much 
water  that  it  flows  almost  like  water."  A:'’ter  various  attempts  Atter- 
berg states  that  he  obtained  the  most  constant  values  with  the  foLl(;w- 
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ing  test  procedures; 


The  clay  powder  is  mixed  in  a porcelain  dish,  with 
round  bottom,  with  enough  water  for  the  sticky  limit 
to  be  reached....  Only  then,  water  is  gradually, 
with  ^he  aid  of  a wash  bottle,  added  until  with  con- 
stant mixing  the  mass  begins  to  flow  like  watei'.  A 
groove  is  then  made  in  the  slurry  with  a glass  rod. 

If  this  groove  disappears  within  half  a minute,  the 
limit  is  reached.  If  one  has  gone  beyond  the  limit, 
one  should  set  the  procelain  dish  over  a hot  water 
bath  for  a while  in  order  to  evaporate  some  of  the 
water , or  one  can  add  a little  more  clay  powder  to 
the  slurry  (less  desirable,  however).  Then  one  again 
attempts,  by  the  addition  of  small  amounts  of  water, 
to  reach  the  limit.  When  it  has  apparently  been 
reached,  one  lets  the  slurry  pass  throvigh  a fj.ne 
sieve  so  that  any  small  lumps  that  may  be  present 
will  be  removed.  A portion  of  strained  slurry  is 
then  weighed  and  dried  at  100  deg  C.  Tlie  loss  of 
weight,  calculated  on  the  basis  of  100  parts  of  dry 
clay,  gives  the  position  of  the  limit. 


193*  The  test  values  reported  by  Atterberg  appear  closely  re- 
, lated  to  properties  of  dredged  material  placed  in  disposal  areas.  The 


values  given  by  Atterberg  for  the  upper  LL  vary  between  about  1.0  and 


2.3  times  the  LL,  with  most  values  between  1.5  and  2.2.  There  appears 
to  be  a generally  coiisistant  relationship  between  the  plasticity  of  the 


clays  and  the  upper  LL.  The  ratio  between  the  upper  LL  and  the  conven- 
tional LL  appears  to  be  dependent  also  on  the  plasticity  of  the  clays. 
Atterberg' E tests  were  li.mited  in  number  and  were  not  expressed  in 
current  soils  engineering  terminology.  The  concept  of  the  "upper  limit 
of  viscous  flow"  appears  suf ficient.ly  valuable  so  that  it  should  be  re- 
lated to  the  condition  of  material  in  the  disposal  area  at  the  time 
that  densif ication  treatment  might  normally  be  undertaken. 

19^.  It  is  extremely  important  to  determine  what  increase  in 
density  will  occur  in  disposal  areas.  The  analyses  made  have  assumed 
that  densification  treatment  would  not  be  attempted  until  the  soil  had 
reached  approximately  the  LL.  This  assumes  that  the  volume  decrease 
from  placement  moisture  contents  of  2,  3,  or  h times  the  LL  to  the  LL 


Initial  Condi'tions  in  Disposal  Areas 


195.  Dredged  material  deposited  hydraulically  has  water  contents 
after  sedimentation  which  are  different  from  those  normally  encountered 
in  engineering  practice.  While  available  data  have  been  examined  and 
suimnarized  in  Part  II,  the  data  are  insufficient  for  dredged  material 
densif ication  design.  For  this  reason,  more  investigations  of  existing 
conditions  in  various  disposal  areas  at  -various  times  after  placement 
of  dredged  material  are  highly  recommended.  This  -work  is  considered  to 
have  a high,  or  urgent,  priority.  It  is  recommended  that  systematic 
boring  and  testing  programs  be  undertaken  to  determine  water  contents 
and  soil  properties  in  existing  disposal  areas  having  various  founda- 
tion conditions  and  covering  a variety  of  dredged  material. 

196.  Borings  and  samplings  suitable  for  determining  -water  con- 
tents, Atterberg  limit.  , a,nd  grain-size  distributions  can  consist  of 
simple  displacement-type  fixed  piston  samples  having  liner  tubes.  A 
diameter  of  about  1 in.  -would  be  sufficient.  Samples  of  this  type  could 
be  advanced  by  hand  without  casing  or  drilling  mud.  At  the  most,  a 
simple  tripod  rig  would  be  required,  but  even  this  would  probably  be 
-unnecessary  because  of  the  softness  of  dredged  material  and  the  small 
sampler  size. 


Theoretical  Research 


197.  The  process  of  sedimentation  and  consolidation  has  been  con- 
sidered in  re.seaj-ch  sponsored  by  DMRP,  but  additional  work  is  necessary. 
The  effects  of  secondary  compression  during  sedimentation  and  consolida- 
tion befoz’e  start  of  densif ication  treatment  have  not  been  considered 
and  are  bei.ieved  to  be  of  major  importance  in  determining  the  initial 
water  content  and  density  of  dredged  material.  In  addition,  the  avail- 
able analyses  need  to  be  compared  with  results  from  laboratory  and  field 
tests  to  este,blish  the  validity  of  available  theories  and  to  modify  them 
an  required. 
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Densification  Treai^inent  Research 


198.  The  benefits  and  utility  of  densification  treatment  have 
beer  examined  herein  but  should  be  verified  by  field  tests  under  a vari- 
ety of  field  conditions  having  a range  of  dredged  material  and  of  dis- 
posal area  foundation  conditions.  The  latter  should  include  pervious 
and  impervious  soils.  The  field  tests  should  be  instrumented  and  sam- 
pled at  intervals. 

Densification  by  i.oading 

199'  Conventional  engineering  techniques  involving  densification 
by  loading  are  considered  to  be  understood  well  enough  to  be  applied  to 
dredged  material  densification  treatment,  if  desired.  Principal  un- 
certainties involve  possible  construction  problems  arising  because  of 
^he  exrbremcly  soft  nature  of  dredged  material  requiring  densification. 

Research  required  can  best  be  accomplished  as  part  of  demonstration  test 
' uses  of  various  methods.  A major  problem  requiring  study  is  how  to 

place  a layer  of  sand  over  large  disposal  areas  without  permitting  local 

^ concentrations  of  sand  that  resxilt  in  displacement  of  the  dredged  mate- 

i ■ 

rial.  Research  in  this  area  could  consist  of  underwater  placemeiiL,  use 

. 

j of  various  spreaders,  etc.,  to  secure  a uniform  thickness  of  sand  fill. 

Densification  by  drainage  ' 

200.  Seepage  consolidation.  Seepage  consolidation  by  doiTOward 
' flow  of  ponded  water  of  dredged  material  is  particularly  attractive  ! 

where  foundation  conditions  underlying  the  dredged  material  are  suffi-  ; 

r ciently  pervious  to  prevent  pore  pressure  development  in  the  foundation, 

since  this  would  eliminate  or  reduce  downward  seepage  gradients.  This 
•3  possibility  of  seepage  consolidation  affords  an  extremely  low-cost 

method  for  stabilization  where  foundation  conditions  are  suitable,  but  ; 

, needs  resciarch  to  establish  its  feasibility.  ; 

j 201.  Underdrainage . Underdrainage,  especially  with  vacuum  pump- 
ing, affords  an  attractive  means  for  stabilization.  However,  further  ^ 
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fitter  clotli  ahould  be  investigated  as  urderdrainagc  collectors  with 
and  withouL  sand  layers. 

202.  Geodralu  . . Geodraina  offer  a possibility  for  use  as  hori- 
zonta].  drains  and  also  as  inexpensive  vertical  drains.  It  is  suggested 
that  this  possibility  be  further  explored  by  determining  the  hydrauJ.:' c 
conductivities  of  Geodrains  and  their  stability  as  filters  in  dredged 
material.  A Geodrain  may  be  a simple,  vertical  drain,  substantially 
less  expensive  than  anything  that  has  been  used  in  previous  engineering 
practice.  It  may  be  possible  to  use  very  lightweight  equipment  for 
economically  installing  large  niiiiibers  of  Geodrains.  Geodrains  may  also 
be  useful  if  insei'ted  vertically  in  desiccation  cracks  to  connect  newly 
deposited  dredged  material  with  underdrainage  and  avoid  sealing  effects 
of  a desiccation  crust. 

Densification  by  desiccation 

203-  Desiccation  appears  to  offer  the  most  significant  opportu- 
nity for  securing  densification  of  disposal  materials  at  low  cost.  It 
is  recommended  that  work  currently  being  done  in  this  area  be  pursued 
and  intensified.  This  work  should  be  expanded  to  include  possible  use 
of  Geodrains  or  other  vertical  drainage  through  crusts  between  intermit- 
tently placed  layers  of  dx-edged  material.  Desiccation  achieved  by 
vegetation  or  by  surface  drying  should  be  investigated  from  the  view- 
point of  engineering  characteristics  involved.  Suction  pressures  caused 
by  surface  drying  or  by  vegetation  should  be  measured,  together  with 
changes  in  water  contents  and  shear  strengths.  Measurements  should  be 
made  to  determine  if  surface  drying  or  water  demand  by  root  systf's  can 
effect  deep  lowerings  of  the  groundwater  level  during  periods  of  low 
rainfall.  For  example,  it  can  be  speculated  that  surface  trenching 
might  lower  the  groundwater  level  2 or  3 ft,  whereas  suction  pressures 
froiii  deep  root  systems,  or  perhaps  surface  drying,  might  exist  to  depths 
of  5 to  8 ft  and,  hence,  increase  loadings  on  deeper  soils.  This  might 
develop  only  during  periods  of  low  rainfall,  but  an  intermittent  effect 
could  be  cumulative. 

Dens if ication  by  chemical  treatment 

20U.  Stabilization  by  chemicals  appears  to  require,  and  merit, 
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research  only  in  the  manner  in  which  flocculants  are  dis^jersed  in  the 
dredged  material.  Available  expertise,  in  the  private  sector,  seems  ad- 
equate to  select  fiocculants  for  any  ca.se  where  dredged  material  settles 
out  of  suspension  so  slowly  that  the  process  must  be  accelerated. 
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PART  VIII:  CONC;jUSIONS 


205.  The  following  conclusions  are  made  on  the  lasis  of  informa- 
tion presented.  They  relate  primarily  to  densification  for  the  purpose 
of  providing  additional  disposal  area  capacity. 

Soil  Types  in  Disposal  Ai'eas 

206.  Dredged  material  varies  from  sands  to  silts  and  fine-grained 
plastic  silty  clays  and  clays.  Sands  and  silts  consolidate  rapidly  and 
are  not  considered  troublesome,  nor  susceptible  to  densification  treat- 
ment. Fine-grained  silty  clays  and  clays  are  weak,  compressible,  and 
undesirable  as  fill  and  borrow  materials.  Only  such  materials  have  been 
considered  in  this  report. 

207.  The  natural  water  content  of  dredged  material  immediately 
after  sedimentation  is  several  times  the  LL.  After  some  surface  drain- 
age and  drying  has  occurred,  the  limited  data  available  suggest  that 
water  contents  are  about  equal  to  the  LL. 

208.  Fine-grained  dredged  material  usually  has  Atterberg  limits 
that  plot  close  to  Casagrande's  A-line  on  the  plasticity  plot.  This 
offers  a simple  basis  for  correlating  soil  properties  for  preliminary 
design  computations. 

Applicability  of  Conventional  Densification  Methods 

209.  Soil  types  and  conditions  in  dredged  material  disposal  areas 
are  similar  to  those  encountered  in  some  conventional  soil  mechanics  and 
foundation  engineering  stabilization  applications.  Hovrever,  conven- 
tional applications  have  encountered  difficulties  when  soil  types  and 
conditions  were  as  poor  as  those  of  dredged  material.  These  difficul- 
ties can  be  avoided  if  personnel  are  ejqDerienced  in  soft  soil  stabili- 
zation design. 

210.  Ttie  ijracticability  of  using  conventional  densification 
techniques  to  secure  Increased  disposal  area  capacity  depends  more 
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upon  economic  and  other  factors  than  upon  technical  considerations. 

Increased  Disposal  Area  Capacity 

211.  A large  volume  decrease  occurs  when  the  water  content  of 
dredged  material  is  reduced  from  its  initial  value  after  sedimentation 
to  the  LL.  According  to  field  observations  currently  available,  this 
reduction  in  water  content  can  he  achieved  by  simple  surface  drainage 
combined  with  crust  development  and  slight  lowering  of  the  groundwater 
level  in  the  dredged  material. 

212.  A reduction  in  water  content  below  the  LL  is  achieved  with 
much  greater  difficulty  and  results  in  less  volume  decrease,  and,  hence, 
in  less  increase  in  storage  capacity.  The  amount  of  storage  capacity 
that  can  he  achieved  with  densification  depends  on  the  plasticity  charac- 
teristics cf  the  dredged  material,  which  are  related  to  compressibility 
characteristics . 

213.  Tbe  increase  in  disposal  area  capacity  that  can  be  achieved 
by  densification  can  be  related  to  the  Atterberg  limits  of  the  dredged 
material.  Using  surcharge  and  drainage  techniques,  materials  having  LL 
less  than  50  undergo  volume  decreases  less  than  about  5 to  15  percent. 

If  the  LL  is  between  50  and  100,  disposal  area  capacity  may  be  increased 
from  10  to  20  percent  for  most  densification  treatments.  If  the  LL  is 
as  high  as  200,  the  increase  in  capacity  may  be  as  much  as  20  to 

30  percent . 

2lh.  Desiccation  and  seepage  consolidation  techniques  produce  the 
least  costly  additional  storage  voliAine.  Desiccation  may  cause  .storage 
volume  increases  of  25  to  60  percent  for  LL  of  50  to  200.  Seepage  con- 
solidation and  underdrainage  v;ith  vacuum  pumpi.ng  are  attractive. 

215.  Estimates  of  increased  disposal  area  capacity  from  densi- 
fication have  assumed  initial  moisture  contents  equal  to  the  LL.  This 
is  intended  to  apply  to  dlsi)Osal  areas  when  surface  drainage  and  a sur- 
face crust  have  developed.  This  assumption  should  be  further  examined. 

216.  Disposal  area  foundation  consolidation  from  sur'charge  load- 
ing and  drainage  treatments  may  he  large  where  foundation  soils  are  soft, 
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compressible,  and  thick.  Uensification  treatments  may  result  in  suC- 
stantial  increases  in  disposal  area  storage  capacity  under  these  con- 
ditions, and  foundation,  consolidation  should  always  be  evaluated. 

217.  Desiccation  can  produce  the  largest  storage  capacity  in- 
crease of  any  of  the  densification  treatments  considered,  and  the  cost 
is  less  than  for  other  techriiq.ues . However,  the  method  may  not  he 
readily  usable  for  areas  limited  in  size  where  flexibilit5''  in  scheduling 
storage  of  dredged  material  does  not  exist.  It  is  generally  not  feasi- 
ble for  treating  existing  disposal  areas  where  substantial  filling  has 
already  occurred. 


Densification  Versus  Dike  Raising 


218.  Surface  drainage  and  surface  drying  should  be  promoted  in 
al3.  disposal  areas  to  reduce  water  contents  to  the  LL  or  lower  if 
possible . 

219.  Increased  storage  capacity  from  densification  treatment  may 
be  the  equivalent  of  raising  the  height  of  retaining  dikes  only  a few 
feet.  Dike  raising,  where  permissible,  is  the  lowest  cost  alternative 
for  increased  storage  capacity. 

Dredged  Material  As  Borrow 

220.  Fine-grained  plastic  clays  having  high  LL  are  undesirable 
borrow  materials  for  most  purposes  where  strength  and  compressibility 
of  the  material  are  important  considerations. 

221.  Dredged  material  treated  by  loading  or  drainage  techniques 
cannot  be  reduced  in  water  content  sufficiently  to  make  it  useful  as 
sources  of  borrow  material. 

222.  Desiccation  techniques  and  placement  of  dredged  material  in 
1-  to  3-ft  layers  could,  under  favorable  conditions,  reduce  the  water 
content  sufficiently  to  permit  use  of  the  material  where  high  LL  borrow 
material  is  acceptable. 
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lJpKZ'a.dinp,  ol'  Disposal  Arcaa 


2;’3.  Disposal  areas  located  in  urban  centers  are  especially 
attractive  for  development  purposes,  often  providing  an  inexpensive 
and  strategically  located  site. 

22k.  Conventional  stabilization  techniques  can  be  used  to  improve 
disposal  areas  so  they  can  support  substantial  one-  or  ^ zo-story  build- 
ings without  objectionable  settlement.  Secondary  compression  effects 
must  be  included  when  this  use  is  anticipated. 

22^.  When  used  for  parks,  golf  courses,  etc.,  disposal  areas  can 
be  easily  upgraded  by  conventional  densification  treatments  to  avoid 
objectionable  settlements.  Tlie  dredged  material  can  be  landscaped  to 
provide  rolling  topography  when  desired. 

226.  Benefits  of  placing  dredged  material  in  disposal  areas  in 
urban  centers  may  be  large  and  the  value  of  land  created  may  pay  for 
virtually  any  conventional  type  of  densificctlon  treatment,  lliis  aspect 
has  not  been  included  in  this  report. 

Chemi cal  Treatment 


227.  Chemical  densification  treatments  do  not  appear  applicable 
for  jncreasing  disposal  area  storage  capacity. 

228.  i'loccul€mts  ordinarily  do  not  appear  to  be  required  to  ex- 
pedite settlement  of  dredged  material. 

229.  Occasionally  dredged  material  may  be  slow  to  drop  out  of 
suspension  in  reasonable  time  periods.  In  these  cases,  flocc\ilants  can 
be  beneficial.  Suitable  flocculants  must  be  selected  by  appropriate 
tests  for  specific  site  conditions.  This  is  within  the  state  of  tlie  art, 
especially  in  the  private  sector. 

230.  The  efficient  introduction  of  flocculants  may  require  ex- 
perimentation on  a site,  since  the  manner  in  which  flocculants  are  in- 
troduced may  determine  if  they  are  beneficial. 

231.  Flocculants  may  effectively  accelerate  sedimentation  where 
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required,  but  thereafter  have  no  significant  effect  on  the  engineering 
behavior  of  dredged  material. 


Recommended  Research 


232.  Further  research  in  the  following  areas  is  considered  to 
have  a Category  I priority; 

a.  Combined  sedimentation-consolidation  tests  with  large 
test  devices,  at  least  6 ft  high  and  t to  12  ft  in 
difcoiieter , 

b.  Evaluation  of  Atterberg's  "upper  liquid  limit." 

c_.  Theoretical  analyses  of  the  combined  sedimentation- 
consolidation  process  including  effect  of  secondary 
compression  in  the  early  stages  before  densif ication 
treatment  is  undertaken. 

d.  Determination  of  the  condition  of  dredged  material  after 
placement  in  disposal  areas.  This  should  include  vari- 
ous types  of  dredged  material  and  various  disposal  area 
foundation  conditions.  This  work  can  be  done  simply  in 
a large  number  of  di.sposal  areas  using  small-diameter 
displacement  samplers  with  liners.  Water  contents  and 
Atterberg  limits  should  be  determined.  'Hie  "one-point" 
LL  test  will  probably  be  adequate . 

e_.  Field  test  of  drainage  techniques  such  as:  (a)  pumped 

underdrainage  with  induced  vacuuiii,  (b)  seepage  consoli- 
dation with  normal  unpumped  underdrainage,  and  (c)  seep- 
age consolidation  with  pumped  uriderdrainage  with  in- 
duced vacuum. 

f^.  Field  tests  of  desiccation  by  vegetation  and  by  sui'face 
trenching  and  surface  drying  should  be  combined  with 
engineering  tests  to  determine  if  beneficial  effects 
can  be  induced  to  depths  substantially  greater  than 
currently  expected  or  would  be  possible  by  surface 
trenching.  This  work  should  include  measurement  of 
soil  moisture  suctions  at  various  depths  and  relation- 
ship to  engineering  predict'ons,  water  contents,  settle- 
ments, piezometer  pressures,  and  similar  engineering 
tests.  These  engineering  tesis  must  be  combined  with 
associated  biological  research. 

233.  Additional  research  described  below,  classified  Category  II, 

should  be  undertaken  when  possible,  and  is  considered  desirable: 

Effects  of  secondary  compression  when  densif ication  is 
undertaken  for  site  development  purposes. 
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b.  Consolidation  of  high-water-content  soils  undei'  small 
effective  stress  increments. 

c^.  Various  types  of  collector  pipe  systems  for  internal  and 
underdrainage  design.  These  include  Ceodrains  and 
plastic  pipes  that  can  be  unrolled  from  large  coils  and 
equipped  with  plastic  filter-cloths. 

d.  Introduction  techniques  for  flocculants. 

e.  Thermal  densification  techniques. 


117 


REP'ERENCES 


1.  Little,  Arthur  D. , Inc.,  "A  Feasibility  Study  oi  Lawn  Sod  Produc- 
tion and/or  Related  Activities  on  Dredged  Material  Disposal  Sites," 
Contract  Report  D-T5-l>  Jan  1975,  U.  S.  Army  Engineer  Waterways 
E.xperiment  Station,  CE,  Vicksburg,  Miss. 

2.  Bishop,  A.  W.  and  Vaughan,  P.  R. , "Consolidation  of  Fine-Grained 
Dredged  Material  After  Hydraulic  Deposition,"  Aug  1972,  National 
Ports  Council,  London,  England. 

3.  Krizek,  R.  J.  and  Saxem,  A.  M. , "Behavior  ol'  Dredged  Materials  in 
Diked  Containment  Areas,"  Environmental  Protection  Agency  Grants 
1507O-GCK  and  R-8009^t8,  Technical  Report  No.  5,  Kep  197^4,  North- 
western University,  Evanston,  111. 

I4.  Krizek,  R.  J.  , Giger,  M.  W.  , and  Hummel,  P.  L. , ' Organic  Conterit 
and  Engineering  Behavior  of  I'ypical  Maintenance  Dredgings,"  pre- 
sented to  the  Fourth  Southeast  Asian  Conference  on  Foil  Engineer- 
ing, Kuala  Lumpur,  West  Malaysia,  ^pr  1975. 

5.  Schmidt,  N.  0.,  A Study  of  the  Isolation  ol'  Organic  Matter  as  a 
Variable  Aff  cting  Engineering  Properties  of  a Soil,  Ph.  D.  Thesis, 
University  of  Illinois,  Urbana,  111.,  1965- 

6.  Habibagahi , K. , Influence  of  Temperature  on  Consolidation  Behavior 
of  Remolded  Organic  Paulding  and  Inorganic  Paulding  Soils,  Ph.  D. 
Thesis,  University  of  Illinois,  Urbana,  111.,  1969- 

7.  U.  G,  .Army  Engineer  District,  Phildelphia,  CE,  "ijong-Range  Spoil 
Disposal  Study;  Part  II,  Substudy  1,  Sbort-Raugr:  Solution,"  Jun 
1969,  Phildelphia,  Pa. 

8.  Krizek,  R.  J.,  Karadi , G.  M. , and  Hummel,  P.  Li,  "Engineering 
Characteristics  of  Polluted  Dredgings,"  Ehvironrnental.  Protection 
Agency  Grants  15070-GCK  and  R-8OO9U8,  Technical  Report  No.  1, 

Mar  1973 » Department  of  Civil  Engineering,  Northwestern  University, 
Evanston,  111. 

9.  Krizek,  R,  J. , Roderick,  G.  L. , and  Jin,  J.  S. , "Stabilization 
of  Dredged  Materials,"  Environmental  Protection  Agency  Grants 
I507O-GCK  a.id  R-8009^8,  Technical  Report  No.  2,  197^ > North- 
western University,  Evanston,  111. 

10.  Krizek,  R.  J.  and  Casteleiro,  M. , "Mathematical  Model  for  One- 
Dimensional  Desiccation  and  Consolidation  of  Dredged  Materials," 
Environmental  Protection  Agency  Grants  15070-GCK  and  R-8009^8, 
Technical  Report  No.  3 (in  publication).  Northwestern  University, 
Evanston,  111. 

11.  Krizek,  R.  J. , Gallagher,  B.  J.,  and  Karadi,  G.  M. , "Water  Quality 
Study  for  a Dredgings  Disposal  Area,"  Environmental  Protection 
Agency  Grants  I507O-GCK  and  R-8009^8,  Technical  Report  Ho.  4,  197^ > 
Northwestern  University,  111. 


118 


Krizek,  R.  J.  and  Giger,  M.  W. , "Use  of  Dredgings  for  Landfill," 
Etiviromtiental  Protection  Agency  Grants  15070~GCK  and  R-8009^8, 

Final  Report  (in  preparation).  Northwestern  University,  Evanston. 

111. 

, "Storage  Capacity  of  Diked  Containment  Areas  for 

Polluted  Dredgings,"  Proceedings  of  the  Sixth  V/orld  Dredging 
Conference , 197^ > PP  35^-364. 

Krizek,  R.  J.  and  Karadi , G.  M.,  "Disposal  of  Polluted  Dredgings 
from  the  Great  Lakes  Area,"  Proceedings  of  the  First  World  Congress 
on  Water  Resources,  Vol  , 1973,  pp  482-191' 

Krizek,  R.  J.  and  Salem,  A.  M. , "Time-Dependent  Development  of 
Strength  in  Dredgings,"  1975,  Northwestern  University,  Evanston, 

111. 

Hummel,  P.  L.  and  Krizek,  H.  J.,  "Sampling  of  Maintenance  Dredg- 
ings," journal  of  Testing  and  Evaluation,  American  Society  for 
Testing  and  Materials,  Vol  2,  No.  3,  May  197^5  PP  139-1^5. 

Krizek,  R,  J. , Jin,  J.  S. , and  Salem,  A,  M.  , "Permeability  and 
Drainage  Characteristics  of  Dredgings,"  Proceedings  of  the  Seventh 
Dredging  Seminar,  New  Orleans,  La.,  Nov  197^- 

Englcho-rdt,  V/.  V.  and  Gaida,  K.  H.  , "Concentration  Change.s  of  Pore 
Solutions  During  the  Compaction  of  Clay  Sediments,"  Journal  of  Sed- 
imentary Petrology , Vol  33,  Ho.  i*,  Dec  1963,  pp  919-930. 

Yong,  R.  W.  and  V/arkentin,  B.  P. , Introduction  to  Soil  Behavior, 
MacMillan  Co. , Hew  York,  I966. 

Krizek,  R.  J.  and  Sheeran,  D.  E. , "Slui-ry  Pi-eparatiuu  and  Char«i,c— 
teristics  of  Samples  Consolidated  in  the  Sliury  Consolidometer , " 
Contract  Report  S-70-6,  Report  2,  Jun  1970,  U.  S.  Army  Engineer 
Waterways  Experiment  Station,  CE,  Vicksburg,  Miss. 

Salem,  A.  M.  and  lirizek,  R,  J. , "Consolidation  Characteristics  of 
Dredging  Slurries,"  Journal  of  the  Waterways,  Harbors,  and  Coastal 
Engineering  Division,  AmericaJi  Society  of  Civil  Engineers,  Vol  99, 
No.  WV/4,  Nov  1973,  pp  )i39-^57. 

Sheeran,  D.  E.  and  Krizek,  K.  J.,  "Preparation  of  Homogeneous  Soil 
Samples  by  Slurry  Consolidation,"  Journal  of  Materials,  American 
Society  for  Testing  and  Materi.als,  Vol  6,  No.  2,  J\in  1971,  PP  356- 
373. 

Skempton,  A.  W.  , "Notes  on  the  Compressibility  of  Clays,"  Quarterl;y 
Journal  of  the  Geological  Society  of  London,  Vol  C,  Parts  1 and  2, 
No.  397-398,  Jul  19^h,  pp  119-135. 

Salem,  A.  M.  and  Krizek,  R.  J.,  "Secondary  Compression  of  Mainte- 
nance Dredgings,"  submitted  to  the  Fifth  Panamerican  Conference 
on  Soil  Mechanics  and  Foundation  Engineering,  Buenos  Aires, 
Argentina,  Oct  1975. 


25.  3o,  R.  K.-M. , The  Influence  of  Temperature,  Carbon  Content,  and 
Preloadinp;  on  Secotidary  Consolidation  of  a Clay,  M . S . The  sis. 
University  of  Missouri  at  Rolla,  1971. 

26.  Sangi'ey,  D.  A.,  "Obtaining  Strength  Profiles  with  Depth  for  Marine 
Soil  Deposits  Using  Disturbed  Samples,"  Underwater  Soil  Sampling, 
Testing,  and  Construction  Control,  American  Society  for  Testing  and 
Materials  Special  Technical  Publication  501,  1972,  pp  106-121. 

27.  U.  S.  Army  Engineer  District,  Buffalo,  CE,  "Summary  Report  of 
Tests,  Subsurface  Explorations  of  Dredged  Diked  Disposal  Area 
No.  1,  Buffalo  Harbor,"  31  Jan  1972. 

23.  U.  S.  Army  Engineer  District,  Buffalo,  "Summary  Report  of  Tests, 
Subsurface  Explorations  of  Dredged  Diked  Disposal  Area  No.  1, 
Cleveland  Harbor,"  31  Jan  1972. 

29.  Johnson,  Stanley  J.,  "Precompression  for  Improving  Soils,"  Journal 
of  the  Soil  Mechanics  and  Foundations  Division,  American  Society  of 
Civil  Engineers,  Vol  96,  No.  SMI,  Jan  1970,  pp  111-lUl. 

30.  , "Foundation  Precompression  with  Vertical  Sand  Drains," 

Journal  of  the  Soil  Mechanics  and  Foundations  Division,  American 
Society  of  Civil  Engineers,  Vol  96,  No.  SMI,  Jan  1970,  pp  145-175. 

31.  Moran,  Proctor,  Mueser,  and  Rutledge,  Consulting  Engineers.  "Study 
of  Deep  Soil  Stabilization  by  Vertical  Sand  Drains,"  Report  to  the 
Bureau  of  Yards  and  Docks,  Department  of  the  Navy,  Jun  1958 

32.  Haley  and  Aldrich,  Consulting  Soil  Engineers,  "Engineering  Proper- 
ties of  Foundation  Soils,  Long  Creek-Fore  River  and  Back  Cove  Area, 
Portland,  Maine,”  Report  No.  1 to  Maine  State  Highway  Comiriission, 

Oct  1969. 

33.  Henkel,  D.  J. , "Problems  Associated  with  the  Construction  of  the 
Ebutc  Metta  Causeway  over  Soft  Clays  in  Lagos,  Nigeria,"  Paper  3/l6, 
Proceedings  of  the  6th  ]:nternabional  Conference  on  Soil  Mechanics 
and  Foundation  Engineering,  Montreal,  Vol  II,  Divisions  3-6, 
University  of  Toronto  Press,  Canada,  1965. 

34.  Margason , E.  and  Arango,  I.,  "Sand  Drain  Performance  on  a San 
Francisco  Bay  Mud  Site,"  Proceedings,  Specialty  Conference  on 
Performance  of  Earth  and  Earth-Supported  Strucu’ir es.  Soil  Mechanics 
and  Foui:idaticn  Division,  American  Society  of  C.'vii.  Engineers, 

Purdue  University,  Lafayette,  Ind. , Vol  I,  Part  1,  Jun  1972, 

pp  181-210. 

35.  Halton,  G.  R. , Loughney,  R.  W. , and  Winter,  E.  "Vacuum  Stabiliza- 
tion of  Subsoil  Beneath  Runwa,y  Extension  at  Philadelphia  Inter- 
national Airport,"  Proceedings,  6th  International  Confci'cnce  on 
Soil  Mechanics  and  F^ouindation  Engineering,  Vol  2,  I965,  pP  61-65. 

36.  Dredged  Material  Research,  Notes  News  Reviews,  etc.,  Miscellancjous 
Paper  D-76-1,  Jan  1976,  U.  S.  Army  Engineer  Waterways  ExiJeriiiient 
Station,  CE,  Vicksburg,  Miss. 


120 


37.  KJellraan,  W, , "Consolidation  of  Clay  Soil  by  Means  of  Atmospheric 
Pressure,"  Proceedings  of  the  Conference  on  Soil  Stabilization, 
Massachusetts  Institute  of  Technology,  Cambridge,  Mass.,  Jun  18-20, 

1952,  pp  258-263. 

38.  , Discussion  of  "Consolidation  of  Fine-Grained  Soils  by 

Drain  Wells,"  by  Reginald  A.  Barron,  Transactions,  American  Society 
of  Civil  Engineers,  Vol  113,  19^8,  pp  7U8-T51. 

39.  Calhoun,  C.  C.,  Jr.,  "Trip  Report,"  29  A\ig  1975,  U.  S.  Army  Engi- 
neer Waterways  Experiment  Station,  CE,  Vicksburg,  Miss. 

i+0.  Chadney,  R.  F.,  "Preparation  of  Dredged  Spoil  Deposit  Areas,"  The 
Dock  and  Harbor  A.uthority,  Jul  I968,  pp  115-117. 

41.  De  Nekker,  J.  and  In's  Veld,  J.  K. , "Dredged  Rotterdam  Harbour  Mud: 
Its  Qualities  and  Use  as  Soil,"  Terra  et  Aqua , No.  8/9,  1975, 

pp  34-tO. 

42.  U.  S.  Bureau  of  Mines,  "The  Florida  Phosphate  Slimes  Problem;  A 
Review  and  a Bibliography,"  Information  Circular  8668,  1975* 

43.  Bromwell , L,  G. , Progress  Report,  Florida  Phosphatic  Clays  Research 
Project,  Apr-Jun  1974,  15  Jul  197*^. 

44.  Davenport,  J.  E. , Kieffer,  G.  W. , and  Brown,  E.  H. , "Disposal  of 
Phosphate  Tailing,"  Tennessee  Valley  Authority  Report  No.  661,  1953, 
V/ilson  Dam,  Ala. 

45.  Bromwell,  L.  G. , Progress  Report,  Florida  Phosphatic  Clays  Research 
Project,  Jan-Mar  197^,  10  Apr  1974. 

46.  , Progress  Report,  Florida  Phosphatic  Clays  Research 

Project,  Jul-Dec  1974,  4 Feb  1975. 

47.  Vogt,  M.  F. , "Development,  Studies  on  Dewatering  Red  Mud,  Kaiser 
Aluminum  and  Chemical  Corporation,"  Gramercy,  La. , presented  at 
the  103rd  Annual  Meeting  of  the  AIME,  25  Feb  1974,  Dallas,  Tex. 

48.  U.  S.  Soil  Conservation  Service,  Drainage  of  Agricultural  Land, 

Water  Information  Center,  Inc.,  Port  Washington,  N.  Y.,  1973. 

49.  Atterberg,  A.,  "Plasticity  of  Clays,"  Draft  Translation  413, 

Sep  1974,  U.  S.  Army  Cold  Regions  Research  and  Engineering 
Laboratory,  CE,  Hanover,  K.  11. 

50.  Boyd,  M,  B. , et  al. , "Disposal  of  Dredged  Spoil;  Problem  Identifi- 
cation and  Assessment  and  Research  Program  Development,"  Technical 
Rejjort  H-72-8,  Nov  1972,  U.  S.  Army  Engineer  Waterways  EOTeriment 
Station,  CE,  Vicksburg,  Miss. 

51.  Reikenis,  R. , Ellas,  V.,  and  Drabkowski , E.  F.,  "Regional  Land- 
fill and  Construction  Material  Needs  in  Terrms  of  Dredged  Mateiial 
Characteristics  and  Availability,"  Contract  Report  D-T4-2,  Vol  I, 
May  1974,  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE, 
Vicksburg,  Miss. 


i 

I 

1 

1 


f 

i 


i 

i 

j 

J 


; \ 


3.21 


52.  Johnson,  L.  E.  and  McGuinness,  W.  V.,  Jr.,  "Guidelines  for  Mate- 
rial Placement  in  Marsh  Creation,"  Contract  Report  D-T5-2,  Apr  1975, 
U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Vickshurg, 

Miss . 

53.  U.  S.  Army  Engineer  District,  Philadelphia,  CE,  "Long-Range  Sp'oil 

Disposal  Study;  Part  III,  Suhstudy  2:  Nature,  Source,  and  Cause 

of  the  Shoal,"  Sep  1973,  Phildelphia,  Pa. 

54.  Oosterbaan,  N. , "On  the  PIANC  Classification  of  Soils  to  be 
Pledged, " Terra  et  Aqua,  Ho.  5,  1973,  PP  29-32. 

55.  U.  S.  Ai’iny  Engineer  District,  Charleston,  CE,  "Investigation  for 
Reduction  of  Maintenance  Dredging  in  Charleston  Harbor,  S.  C. ; 

Part  2,  Materials  Testing  Laboratory  Investigation  of  Properties 
of  Shoals  and  Materials  in  Movement,"  Vol  H-2,  Feb  1954, 

Charleston,  S.  C. 

56.  U.  S.  Army  Engineer  District,  Buffalo,  CE,  "Dredging  and  Water 
Quality  Problems  in  the  Grea.t  Lakes,"  Vol  8,  Appendices  C6  to  C9, 
Investigation  Reports,  Jun  I969,  Buffalo,  N.  Y. 

57.  U"  S.  Army  Engineer  District,  San  Francisco,  CE,  "Dredge  Disposal 
Study,  San  Francisco  Bay  and  Estuary;  Appendix  J,  Land  Disposal," 

Oct  1974,  San  Francisco,  Calif. 

58-  Rieke,  H.  H. , III  and  Chilingarian , G.  V.,  Compaction  of  Agril- 
laceous  Sediments,  Developments  in  Sedlmentology  16,  American 
Elsevier  Publishing,  New  York,  1974. 

59-  Bartos,  M.  J. , Jr.,  "Classification  and  Engineering  Properties  of 
Dredged  Material,''  (in  preparation),  U.  S.  Army  Engineer  Waterways 
Experiment  Station,  CE,  Vicksburg,  Miss. 

60.  Mohr,  A.  V/.,  "Development  and  Future  of  Dredging,”  Journal  of  the 
Waterways,  Harliors , and  Coastal  Engineering  Division,  American 
Society  of  Civil  Engineers,  Vol  100,  No.  WW2,  May  1974,  pp  69-83. 

61.  Mesri,  G.,  and  Olson,  R.  E. , "Mechanisms  Controlling  the  Perme- 
ability of  Clays,"  Clays  and  Clay  Minerals , Vol  I9,  No.  3,  1971, 
pp  151-158. 

62.  Murphy,  W.  L.  and  Zeigler,  T.  W. , "Practices  and  Problems  in  the 
Confinement  of  Dredged  Material  in  Corps  of  Engineers  Projects," 
Technical  Report  D-74-2,  May  1974,  U,  S.  Army  Engineer  Waterways 
Experiment  Station,  CE,  Vicksburg,  Miss. 

63.  1).  S.  Army  Engineer  District,  Phildelphia,  CE,  "Long-Range  Spoil 
Disposal  Study;  Part  IV,  Substudy  3,  Development  of  New  Dr.  ging 
Equipment  and  Techniq\ie,"  Jun  1969,  Phildelphia,  Pa. 

64.  Mallory,  C.  W.  and  Nav^rocki , M.  A.,  "Containment  Area  Facility 
Concepts  for  Dredged  Material  Separation,  Drying,  and  Rehandling," 
Contract  Report  D-74-6,  Oct  1974,  U.  S.  Ai’. -y  Engineer  V/aterways 
Experiment  Station,  CE,  Vicksburg,  Miss, 


122 


65.  Skempton,  A.  W. , "The  Consolidation  of  Clays  by  Gravitational 

Compaction,"  Quarterly  Journal  of  Geological  Society  of  London, 

Vol  125,  1970,  pp  373-^11. 

6G.  Kiilll,  J.  L. , et  al. 5 "Artificially  Simulating  the  Geological 
History  of  Clay,"  Final  Technical  Report,  Jul  197*+,  U.  S.  Army 
European  Research  Office,  London,  England. 

67.  Ereitag,  D.  R. , "Soil  as  a Factor  in  Shoaling  Processes;  A Litera- 
ture Review,"  Technical  Bulletin  No.  h,  Jun  i960.  Committee  on 
Tidal  Hydraulics,  U.  S.  Army  Engineer  Waterways  Exxjeriment  Station, 
CE,  Vicksburg,  Miss. 

68.  Johnson,  L.  D. , "Mathematical  Model  for  Predicting  the  Consolida- 
tion of  Dredged  Material  in  Confined  Disposal  Areas,"  Technical 
Report  D-76-I,  Jan  1976,  U.  S.  Army  Engineer  Waterways  Experiment 
Station,  CE,  Vicksbui’g,  Miss. 

69.  Olson,  R.  E. , "Shearing  Strengths  of  Kaolinite,  Illite,  and  Mont- 
morillonite ,"  Journal  of  the  Geotechnical  Engineering  Division, 
American  Society  of  Civil  Engineers,  Vol  100,  No.  GTll,  Nov  197 
pp  1215-1229. 

70.  \7hitehouse , U,  G.,  Jeffrey,  L.  M. , and  Dehbrecht , J.  D. , "Differ- 
ential Settling  Tendencies  of  Clay  Minerals  in  Saline  Waters," 
Proceedings  of  the  Seventh  National  Co..ference  on  Clays  and  Clay 
Minerals , i960,  pp  1-79- 

71.  Krone,  R.  B. , "Flume  Studies  of  the  Transport  of  Sediment  in 
Estuarial  Shoaling  Process,"  Final  Report,  Jun  I962,  Hydraulic 
Engineering  laboratory  and  Sanitary  Engineering  Research  Labora,- 
tory,  University  of  California,  Berkeley. 

72.  May,  E.  B. , "Environmental  Effects  of  Hydraulic  Dredging  in 
Estuaries,"  Bulletin  No.  9,  Apr  1973,  Alabama  Marine  Resources 
Laboratory,  Dauphin  Island,  Ala. 

73.  Leonards,  G.  A.  and  Altschaeffl,  A.  G. , "Compressibility  of  Clay," 
Journal  of  the  Soil  Mechanics  and  Foundations  Division,  American 
Society  of  Civil  Engineers,  Vol  90,  No.  SM5 , Sep  196U,  pp  133-155. 

7*+.  U.  S.  Arno+  Engineer  District,  Wilmington,  CE,  "Final  Environmental 
Statement,  Maintenance  Dredging  of  Basins  and  Channels  at  Military 
Ocean  Terminal,  Sunny  Point,  Southport,  North  Carolina,"  prepared 
by  Coastal  Zone  Resources  CoriJoration,  Wilmington,  North  Carolina, 
May  1972. 

75,  Department  of  the  Navy,  Naval  Facilities  Engineering  Command, 

"Design  Manual,  Soil  Mechanics  Foundations,  and  Earth  Structures," 
NAVFAC  DM-7,  Mar  1971,  Washington,  D.  C. 


Preceding  Page  Blank 


rH 

0) 

rH 

X> 


C 

O 

♦rH 

-P 

o 

•H 

•rH 

CO 

c 

<D 

Q 

d 

CJ 

< 

rH 

d 

w 

o 

A 

CO 

•rH 

Q 

0 

4J 

ti£ 

A 

•H 

HJ 

d 

iH 

<U 

c: 

01 

u 

O 

-P 

O 


tiC 

A 

•rH 

A 

c 

cJ 

Oh 


rs 

0 

d 

01 

o 

>i 

5m 

d 

-li  & ^ 

•rH 

0 

0 

0 

ctf  G 3 

4-3 

O 

g* 

0 

d 

P d 0 

d 

fH 

+:> 

•H 

0 

P Td  r- 

d 

o 

03 

fl  0) 

Ch 

0 

d 

•rH 

o 

•rH 

*N 

o 

• 

5 

Vi 

> 

•rH 

d Cd  M 

o d 

•H 

O 

-P 

O 0) 

O 

o 

> 

P 

•H 

>5 

d 

o 

bD 

o 

•H  03 

cd 

01 

0 

0 

w c 

u 

P Cd  0 

d 

d 

Lf\ 

4J 

6 

+3  aJ 

riii 

fH 

A 

cd  P 

•H 

o 

cd 

-P 

-H  C 

cd 

d d 

fH 

'd 

•V 

d 

cd 

0) 

Cd 

0 

P 

d 0 03 

O 

fH 

0 

p> 

A 

o 

d 

d 03  d 

01 

to 

cd 

tt>  d 

iH 

0 

o d -H 

d 

d 

> 

P 

>C(  -P 

rd 

S 

Cm  cd 

o 

•H 

OJ 

0 

C nJ 

o 

U 

0 

d H 

0 

-P 

c 

3 e 

o 

iH 

0 0 Ti 

d 

d 

r> 

o 

cd 

P 

P 0 

d 

d 

•rH 

0 

•rH 

(D  (1) 

0 

0 

P 

P P fH 

d 

rH 

03 

P 

rH  bO 

01 

P 

0 

cd 

cd 

d 

•d 

Cd 

Cd 

XI  d 

0 

0$ 

03 

d cd  0 

> 

0 

x: 

o 

as  as 

p 

•H  0 •H 

•N 

QJ 

o 

•rH 

-P  rH 

CO 

d 

U P 

>5 

•rH 

Cm 

to 

o 

u d ^ 

P 

d 

d 

d 

•rH 

P> 

bD 

.r— N. 

•rH 

0 0 

•H 

0 

A 

03 

>>  d 

d 

P 

P 

>5  03  > 

rH 

0 

d 

rH  O 

•rH 

cd 

Cl'  cd 

•rH 

?H 

0 

rH  ;d 

nid 

rH  ^ 3 

P 

O 

Td 

tS  P> 

d 

•N 

c 

cfl 

cd 

'd 

0 

<M 

•H  *rH 

p 

P 

p 

tJ  u 

0 

0 

A 

P ? 

o 

d 

o 

3 

B 

S-c 

0 

p 

d 

cd 

0 

Cm 

CD  ^ 

. u 

01 

0 

0 

rH 

•rH 

0 cd 

«M 

g 

to  0)  • 

0 

'd 

bO 

rO 

> 

03  0 

d 

c 

iH 

^ 0) 

A 

U 

•rH 

d 

Cd 

03  H 

d 

u 

rH 

to  Ctf  • 

0-* 

d 

01 

u 

rH 

03 

0 Cd 

cd 

0 

•rH 

3 rH  *rH 

A 

B 

d 

o 

•rH 

0 

B 

> 

O 

01 

d 

<D 

o 

-p 

cd 

P 

0 riii 

O 

3 0)*' 

p 

0 

(X 

o 

03 

> 

•rH 

A ^ 

U 

o 

3 bD  to 

•rH 

0 

cd 

03 

o5 

O 

01 

0- 

•rH  rt  *H 

G 

0 

0 

*d 

O 

5h 

rH 

H 

0 

V 3 3 

•H 

0 

0 

Jh 

p 

cd 

0 

rH 

3 -H  .3 

rH 

p 

01 

0 

cd 

'd 

u 

A 

P 

O 3 0) 

rH 

+3 

cd 

cd 

:s 

'd 

0 

0 

O 

•rH 

O 3 -C) 

bD 

•H 

d 

0 

0 

0 01 

AT?  H 

03 

U 

;5 

0 

u 

o: 

Cm 

u d 

o 

0 

0 

03 

cd  ^ boc^* 

0 

B 

o 

0 

•H 

fH 

PtH 

> 

0 

(D  3 

01 

P 

03 

0 

d 

H4> 

0) 

3 i:) 

0 

0 

U 

(1)  t:!  -3 

iH 

U 

rH 

0 

•H 

•rH 

d 

o'  0) 

> 

d 

P4 

3 3 "3 

cd 

0 

cd 

d 

03 

03 

d)  to 

01 

0 

Cd 

a 

0)  3 rH 

►H 

P 

• H 

3 

fH 

d 3 

0 

d 

^ 

0 

o 

^ 'H 

U 

P 

u 

fH 

fH 

0 

•H 

P 

0 

■P  3 3 

0 

< 

0 

d 

•H 

Cd 

> 

0)  <1) 

P 

0 

>> 

cd 

aS  3 

P 

p 

0 

:s 

03 

♦H 

p 

P 

> 

>> 

W 

d 

r, 

cd 

0 

03 

fH 

•H 

rH 

H to  Tlj 

B 

0 

B 

0 

A 

0 

es  d 

•rH 

cd 

r\ 

U 

c*» 

P 

ctJ  3 

N 

c*» 

d 

c«* 

03 

P 

(U  oJ 

P 

0 

• 

A 

A 

bD 

0 

•H 

0) 

d 

A 

•rH 

♦rH 

d O 

d 

0 

0 

»H 

_ 

0 

01 

0 

•rH 

Oj 

o 

'd 

03 

ts5 

cd 

P 

P 

P 

O O .ti! 

d 

1 

•H 

> 

03 

-p 

0 

0 

cd 

bD  -3  O 

Cm 

d 

P 

d 

0 

o 

fH 

0 

fH  *H 

o 

rH 

V ^ 

;s 

d 

ttf  -P  O 

b 

♦H 

03 

0 

>3 

> 

cd 

cd 

U, 

cd 

cd 

rv 

o 

3 0 3 

3 

cd 

•rH 

»H 

-P 

•H 

c 

o 

01  O 

03 

01 

01 

u 

•H 

O 3 

03 

H 

H 

p 

-P 

o 

B 

O 03 

o 

M 

o 

0 

P 

-P  3 3 

bD 

0 

cd 

0 

cd 

cd 

•rH 

Pu 

d 

A 

d 

d 

Cd 

CO  V O 

P 

P 

•H 

A d 

-P 

W 

03  P 

o 

05 

•H 

rv 

d 

d 

V 

bD 

0 

0 

o 

0 

•rH 

a 

*H  rd 

u 

•H 

d 

01 

3 

rt 

tS  Ti 

d 

U 

cd 

cd 

0 

C*» 

Td 

•rH 

tJ  bO 

d 

rH 

p 

p 

o H n! 

o 

cd 

> 

p<  -p 

♦H 

V 

d 

>> 

•H 

u 

•rH 

d 

p 

O 

-3  3 O 

u 

cd 

rH 

4J 

-p 

cd 

d 

iH  0 

o 

iH 

d 

0 

• rH 

Cm 

■3  0 3 

p 

p 

P 

P 

d 

d 

0 

rO 

•H  > 

<H 

iH 

p 

B 

rf  o 3 

p 

cd 

0 

cd 

d 

01 

•rH 

•H 

03 

01 

P 

P 

u 

M 

MH 

;s 

M 

M 

O 

Q 


I 


•rH 

d 

V 

0 

0 

•H 

03 

bO 

cd 

I 

d 

u 

u 

03 

0 

0 

0 

o 

o 

rH 

•H 

H 

p 

tJ 

p 

Cd 

d 

d( 

01 

0} 

CQ 

0 

«w 

d 

o 

[ 

=H 

Ch 

bD 

O 

U 

o 

Ph 

0 

o 

O 

cd 

0 

0 »H 

03 

t 

u 

P 

P 

d p 

•iH 

•M 

1 

03 

01 

o 

01 

cd 

'd 

01 

0 

0 

p 

O 

d 

cd  o 

0 

•rH 

•rH 

• 

03 

0 

•H 

♦H 

5H 

3 

[ 

P 

P 

cd 

1 

o 

« 

03 

01 

0 

d 

0 

1 

O -H 

G 

d 

•rH 

•rH 

0 

rH 

P 

01 

d 

0 

u 

cd 

01 

P 

d 

Td  d 

o 

G 

P 

0 

0 

cd 

Cd 

0 

0 

•H 

•H 

0 

P 

P 

Cm 

0 

0 

B 

cd  d 

P 

X 

Cd 

0 

0 

O 

♦rH 

P 

>> 

'fH 

3 

0 

cd 

cd 

0 

P 

cd 

>> 

■d 

E 

u 

u 

0 

d 

O'* 

0 

0 

0 P 

d 

c3  cd 

cd 

03 

•H 

'd 

Cd 

A 

•rH 

O 

d 

w 

p 0 

P • 

d 

0 

u 

P 

P »d 

0 

0 «H 

0 u 

0 rH 

rH 

A 

d o 

X 

d 

Cd 

0 

fH 

•rH 

d 

0 d 

d 

3 

’ p 

H 

rH  *H 

P 

•H 

d 

03 

0\  -3 

0 

p 

cd  rH 

cd  A 

cd 

•rH 

•rH 

p > 

Cd  bD 

0 Cd 

0 0 

B 

0 

P 

01  O 

*H 

0 •H 

•H  01 

•H  P 

•H 

d 

u 

P 

Cd 

o u 

d 

1 0 

03  O 

03  cd 

P 

0 

cd 

0 

0 P4 

3 X 

>>  A 

>5  B 

rH 

P 

P 

0 

M 

p 

P 

P 

P 

Cd 

V 

CL, 

CJ 


I materials  to  be  dredged  contain,  sand?  Can  sands  be  obtained  when  needed 
and  used  as  underdrainage  layers? 

n req.uired  dredging  be  deepened  slightly  to  provide  sands  for  under- 
drainage layers,  vertical  drains,  or  surcharge  loading? 
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Organic  Katter  = 1.8o  Organic  Carbon. 

Liquidity  Index  = (Water  Content  - Plastic  Llir.lt)/(Liquid  Linlt  - Plastic  Liir.lt). 


Engineering  Properties  of  Dredged  Material  in  Diked  Disposal  Area  No.  1,  Buffalo  Harbor* 


Engineering  Properties  of  Dredged  r-teterial  in  Diked  Disposal  Area  No.  1.  Cleveland  Harbor* 
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Table  7 

Mississippi  River  Gulf  Outlet  - New  Orleans,  Dredged 


Material  in  Disposal  Area^' 


Liquid. 

Plastic 

Plasticity 

Water 

Liquidity 

Water  Content 

Limit 

Limit 

Index 

Content 

Index 

Liquid  Limit 

U.  04 

J 2h 

49 

47 

0.47 

0.64  i 

^ 21 

93 

67 

0,87 

0.91 

i 

Borings  U-2A  and  U-2C:.  samples  above  elevation  0.0 


Table  9 


Liquidity  Index  and  Water  Content  - Liquid  Limit  Katios 


Location 


Liquidity  Index 
Mean  Std  Dev 


Water  Content : 
Liquid  Limit 
Mean  Std  Dev  N* 


Typical  Dredglnp;  Locations 


Char.leston  Harbor 

1.8 

0.9 

8 

1.5 

0.5 

8 

Delaware  River 

l.h 

0.4 

15 

1.3 

0.2 

15 

San  Francisco  Bay 

1.8 

0.3 

3 

] . 4 

0.1 

3 

York  River,  Va. 

1.4 

0.3 

)i 

1.3 

0.2 

4 

All  Sites 

1.5 

0.6 

32 

1.3 

0.3 

30 

In  Disposal 

Areas 

Delaware  River 

0.6 

0.1 

4 

0.8 

0.1 

)4 

Toledo  Harbor 

0.7 

0.2 

8 

0.9 

0.1 

8 

Buffalo  Harbor 

1.0 

0.3 

14 

1.0 

0.2 

15 

Cleveland  Harbor 

1.? 

0.3 

12 

1.1 

0.1 

12 

Mobile  Harbor 

1.4 

0.3 

5 

1.3 

0.2 

5 

Miss.  River  Gulf  Outlet 

O.T 

0.2 

4 

0.8 

0.1 

4 

All  Sites 

1.0 

0.4 

47 

o 

1 — 1 

0.2 

48 

* N = number  of  tests. 
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Unified  Soil  Classification  System. 

Liquidity  Index  = (Water  Content  - Plastic  Limit)/ (Liquid  Limit  - Plastic  Limit). 


Table  11 


Dewater  it, i<:-Deusificat  ion  Methodologies 


Methodology 

Technique 

Status 

Physical 

Loading 

Applicable 

Drainage 

Desiccation 

Applicable 

Surface  drying 

Applicable 

Capillary  wicks 

Proposed-not  developed 

Mechanical 

Surface  reworking 

In  use 

Surface  drainage 

In  use 

Chemical 

Grouting 

Not  applicable 

Flocculants 

Applicable 

Thermal 

Internal  heating 

Potentially  applicable 

Table  12 


Dewal.ering-Densification  by  Physical  Methods 


Teclmlque Description 

Loading  Temporary  surcharge  on  surface  of  disposal  area. 

Temporary  surcharge  with  vertical  drains  to 
accelerate  densification. 

a.  Vertical  sand  drains. 

b.  Kj oilman  cardboard  drains. 

c.  Geodrains. 

Surface  ponding  with  plastic  membranes. 

Vacuum  mats. 


Drainage  and  Drainage 
Combined  with  Other 
Techniques 


Seepage  pressure  consolidation,  i.e,,  surface 
ponding  without  surface  membranes  but  with 
underdrainage , 

Internal  drainage  in  dredged  material  after 
placement  in  disposal  area. 

a.  Horizontal  sand  layers  with  collector  pipes. 

b.  Sand  finger  drains  with  collector  pipes. 

c.  Geodrain  and  other  drain  strips,  horizontal. 

d.  Electro-osmosis. 

e.  Vacuum  wellpoints. 


Underdrainage  with  lowered  water  level. 

a.  Natural  sand  foundation. 

b.  Sand  layers  with  collector  pipes  placed 

on  disposal  area  before  placement  of 
dredged  materials. 


Desiccation  Surface  evaporation. 

Surface  trenching  to  increase  desiccation  depths. 
Vegetation. 

Capillary  wicks. 


;■  ( 


Table  l4 

Volume  Changes  Associated  with  Decrease 
in  Water  Content 


Water  i 

Content  Change 

Volume  Decrease,  Percent 
for  LL  Shown 

From 

To 

100 

150 

200 

Initial  Water  Content 

Equal  to 

Twice  LL 

2 X Lb  (Til  = 2 

.00)  LL  (LI  = 1.00) 

36 

42 

44 

46 

LL  (LI  = 1.00) 

LI  = 0.75 

4 

6 

7 

8 

LI  = 0,75 

LI  = 0.50 

4 

6 

7 

8 

LI  = 0.50 

LI  = 0.25 

4 

6 

7 

8 

LI  = 0.25 

PL  (LI  = 0) 

4 

6 

7 

8 

Initial  Water  Content  Equal 

to  LL 

LL  (LI  = 1.00) 

LI  = 0.75 

6 

10 

13 

14 

LI  = 0.75 

LI  = 0.50 

6 

10 

43 

14 

LI  = 0.50 

LI  = 0.25 

6 

10 

13 

14 

LI  0.25 

PL  (LI  = 0) 

6 

10 

13 

14 

Note 


See  Figure  29  for  plot  of  water  content  versus  percent  volume 
decrease , 


Table  15 

Time  Required  for  Consolidation  of  a 
10-Ft-Thick  Layer  ef  Dredpied  Material 
(See  Fi^,ure  30) 


Average 

Percent 

of 


Time , 

Yr 

Consolidation 

From 

To 

Increment 

Total 

Increment 

0 

5.4 

5.4 

50 

50 

5.4 

13.1 

7.7 

75 

25 

13.1 

23.2 

10.1 

90 

X5 

Table  l6 

Effect:!  \/e  Stresses  Possible  from 
Use  of  Surcharge  Loading 


Maximum 

Effective 

Stress,  psf 

5 “ft 

Condition 

Surface 

lepth 

Groundwater  at  surface 

0 

140 

500  psf  surcharge 

500 

640 

1000  psf  surcharge 

1000 

1140 

Groundwater  at  2 ft 

large 

270 

5 -ft  surcharge 

500 

770 

10-ft  surcharge 

1000 

1300 

Table  17 


KffGctive  ofcre&ses  Possible  fron*  Use  of  Drainage  Treatments 


Condition 


Maximum  Effective  Stress 


psf 

Surface  5-ft  Depth 


Ho  drainage  of  disposal  area  ; groundwater  level  at  surface  0 

Surface  drying,  groundvncer  level  at  depth  of  2 ft  Large 

Drainage  layer  undcriying  dredged  material;  groundwater 

level  at  base  of  dredged  material  Large 

Drainage  layer  underlying  dredged  material;  groundwater 
level  lowered  by  pumping  in  drainage  layer  and  partial 
vacuum  maintained  in  dra?  nage  layer  by  vacuum  pumps 


fitted  to  dewatering  pumps  Large 

Surface  sand  layer,  membrane,  and  vacuum-dewatering; 

15-ir.  vacuum,  in  sand  layer  IO60 

Seepage  consolidation;  i.e.,  surface  ponding  and 
underurainage  (lO-ft  depth  of  ponded  water) 

a.  b'o  vacuum  in  under  drainage  layer  0 

b.  15-in.  vacuum  in  underdrainage  layer  0 


lUO 

270 


I15O-77O 


2200 

670-1200 

760 

1290 


Table  18 

Water  Content  Decrease  from  Increase  in  Effective  Stress 


Initial  V/ater  Water  Content  Decrease,  % Liquidity  Index  for  dp 
Content  and  for  Ap , Tisf pgf 


Liquid  Limit 

200 

500 

1000 

50 

3 

6 

10 

100 

0 

16 

2l| 

150 

13 

?5 

37 

0 

0 

18 

31. 

50 

2000 

200 

500 

looc 

2000 

13 

0.81 

0.70 

0.56 

0.40 

32 

0.86 

0.73 

0.60 

0.45 

51 

0.86 

O.Tli 

0.61 

0 . 4t 

69 

0.86 

O.7I1 

0.62 

0.48 

Table  19 


Additional  Storaite  Vohimo  and  Cost  of  Densification  Treatment 


Table  21 

AddUior.al  Storage  Volume  and  Costs  Accordinc  to  Added  ' ■Volumes  Available:: 
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Additional  Storage  Volume  and  Costs  According  to  Cost  Per  Cnbic  Yard  of  Added  St^a_£e 


Table  23 


Additional  Disposal  Area  Storage  by 
Raising  Retaining  Dikes 


Dikes  Raised 
ft 

Added 

Storage  Volume 
cu  yd/acre 

Added  Dike  Volume 
per  Acre  of  1000-  to 
3000-ft  Area 

Cost 

per  Cubic  Yard 
of  Added  Storage 

0.  5 

810 

190 

SO.  23 

1.  0 

1610 

380 

0.  24 

1.  5 

2420 

690 

0.  24 

2.  0 

3230 

800 

0.  25 

2,  5 

4030 

1020 

0.  25 

3.  0 

4840 

1250 

0.  26 

Table  24 

Comparison  of  Treatment  Alternatives 


Treatment  Alternatives 

Dessication  or  raise  dikes  1.  5 to  2.  5 ft 

Surcharge  loading  ££  raise  dikes  1 ft 

Underdrainage  and  water  surcharge  without 
membrane  or  raise  dikes  0,  5 ft 


Added  Storage  Volume 
% 

15-25 

10 
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STATE-OF-THE-ART  APPLICABILITY  OF 
CONVENTIONAL  DENSIFICATION  TECHNIQUES 
TO  INCREASE  DISPOSAL  AREA 
STORAGE  CAPACITY 


by 

S.  J.  Johnson,  et  al 


APPENDIX  A:  COMPOSITION  OF  SEDIMENT 


Depositional  Environments 


1.  Depositional  environments  and  types  of  material  generated  in 

50* 

maintenance  dredging  in  the  United  States  are  shown  in  Figures  A1 
and  A2,  respectively.  Engineering  properties  of  dredged  material  are 
determined  to  a large  extent  by  the  depositional  environment  from  which 
they  are  obtained.  Engineering  problems  associated  with  dredged  coarse- 
grained materials  from  littoral  zones  are  minimal  in  comparison  to 

problems  associated  with  fine-grained  material  encountered  in  routine 

51 

maintenance  dredging  associated  with  commercial  port  facilities. 

Salinity  of  Soil  Pore  V/ater 

2.  Dredged  material  taken  from  soils  deposited  in  a saline  en- 
virorunent  and  subsequently  placed  in  a diked  disposal  area  may  exhibit 
different  engineering  properties  from  soils  which  have  been  subjected 
only  to  a freshwater  environment.  As  shown  in  Table  Al.  the  majority 
of  maintenance  dredging  in  the  United  States  is  performed  in  saline 
waters. Only  on  the  Great  Lakes  and  interior  riverine  environments 
is  dredging  performed  in  fresh  waters.  As  shovm  in  Figur'e  A3,  a salin- 
ity of  1 ppt  exists  60  miles  above  the  mouth  of  the  Delav/are  River. 
Similar  conditions  probably  exist  in  other  rivers  wliere  they  discharge 
into  salt  vmter. 


Classification  and  Enginocri nr  Properties 
of  Bottom  Ucdi;r.c-nt3 


3. 


Con(:ress 
dredged , 


In  19T3,  the  Pemanent  Internal  Association  of  Navigation 
(PIAi'i'C)  pi'oposed  a classification  system  for  soils  to  be 
given  in  Table  AP.'*'  In  the  United  States,  the  Unified  Soil 


* Raised  numbers  refer  to  similarly  numbered  ite.’ns  in  the  References 
at  the  end  of  the  main  text. 


A1 


lositional  sedimentary  environments  and  average  annual  qua-ntities  of  maintenance 
dredgings  in  the  United  States  (from  Boyd  et  al.50) 


TOTAL  salinity,  PPT 


1 


I 


1 


r 


Fi/^ure  A3.  Salinity  versus  mii.es  above  mouth  of  Delawave  Fiver  j j 

(from  U.  S.  A.ri.iy  Pbgineer  District,  Philadeiphia^S ) - j 


Classification  System  (USCS)  is  widely  used,  not  only  by  the  Corps  of 
Engineers  (CE),  Bureau  of  Reclamation,  and  Department  of  the  Navy,  but 
also  by  numerous  other  public  and  private  engineering  organizations = 
Cheirleston  Harbor 

4.  Engineering  properties  of  shoal  materiaJ.  in  Charleston  Harbor 

55 

a e give.’",  in  Table  A3.  As  shown  in  Figure  Ah,  the  dry  unit  weight  of 
shoal  material  in  Charleston  Harbor  ranges  from  almost  zero  at  the  sur- 
face to  about  20  pcf  at  a depth  of  6 ft,^^  but  most  of  the  increase  in 
density  occurred  in  the  upper  2 ft.  Figure  A5  shows  the  increase  in 
dry  iinit  weight  of  shoal  material  with  an  increase  in  sand  content. 

The  Atterberg  limits  are  plotted  on  the  plasticity  plot  (Figure  28  in 
main  text),  and  plot  close  to  Casagrande's  A-line.  A.bout  one-third  of 
the  test  values  had  water  contents  about  at  or  below  the  liq^uid  limit 
(LL),  one-third  had  water  contents  of  about  1.5  Lb,  and  one-third  had 
water  contents  about  twice  the  LL. 

Marcus  Hook,  Delaware  River 

5.  Table  Ah  gives  engineering  properties  of  Marcus  Hook  shoal 
material  in  the  Delaware  River. All  except  one  specimen  had  water 
contents  about  1.2  LL.  Atterberg  LL  and  plastic  limits  (PL)  are  plotted 
in  Figure  28  in  main  text  and  fall  close  to  Casagrande's  A-line, 

San  Francisco  Bay 

6.  Engineering  properties  of  shoal  material  from  San  Francisco 
Bay  are  given  in  Table  A5.^^  The  water  contents  average  about  l.h  LL, 
Atterberg  limits  are  plotted  in  Figure  28  in  main  text,  and  fall  close 
to  and  slightly  above  the  A-line. 

York  River,  Va. 

7.  Faas  measured  the  variation  of  engineering  properties  vrith 
depth  for  bottom  sediments  in  the  York  River,  Va.  (Table  A6).  The  li- 
quidity index  (LI)  was  about  1.5  to  1.6,  with  one  value  of  1.1  at  a 
depth  of  about  1.5  ft.  The  ratio  of  water  content  to  the  LL  was  about 
l.h,  except  for  one  value  of  1.0  at  a depth  of  about  1.5  ft.  The  Atter- 
berg limit  plot  was  appreciably  above  the  A-line,  but  well  beJ.ow  the 
U-line  or  upper  limit  of  ci’edible  test  val\ies  (Figure  28  in  main  text). 
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Figui’e  (vh . Dry  density  versus  depth  below  top  of  shoal  material 
in  Charleston  Harbor,  South  Ca?'olina  (from  U.  S.  Army  Engineer 

District,  Chai  leston^5 ) 
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DRY  DENSITY,  PDF 

Figure  A5 • Sand  content  versus  dry  density  of  shoal  material  in 
Charleston  Harhor,  South  Carolina  (from  U.  S.  Army  Engineer 

District,  Charleston55 ) 

CE  studies 

8.  A study  to  determine  the  classification  and  engineering  prop- 
erties of  soils  to  he  dredged  is  being  conducted  at  the  U.  S.  Army  Engi- 
neer Waterways  Experiment  Station  (WES).^^  Figures  A6  and  A7  show  the 
type  of  material  snd  USCS  classification  from  remolded  samples  taken 
from  various  locations  in  the  United  States.  Figrire  A8  Buramarizes  par- 
ticle size,  Atterberg  limits,  and  organic  content  for  remolded  samples. 
Laboratory  testa  ore  in  progress  at  WES  to  determine  the  specific 


AT 


Figure  A7.  Unified  soil  classification  of  material  to  be  dredged  in  United  States 


gravity  compaction  characteristics,  shear  strength,  and  consolidation 
characteristics  for  these  soil  samples.  These  soil  properties  apply  to 
possible  use  of  dredged  material  as  sources  of  borrow. 

Sedimentation  of  Dredged  Material 
Effect  of  type  of  dredge 

9.  The  dry  unit  weight  of  dredged  material  is  dependent  upon  the 
type  of  dredge  employed.  As  shown  in  Table  A7  for  dredge  types  commonly 
used  in  maintenance  dredging,  the  density  of  the  slurry  following  hy- 
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draulic  dredging  is  about  1200  g/X.  As  shown  in  Table  A8,  a slurry 

density  of  1200  g/)i  corresponds  to  a dry  unit  weight  of  about  20  pcf. 
Volume-density-water  content  relationships  for  materials  having  specific 
gravities  of  2.50  and  2. 'JO  are  shown  in  Figure  A9, 

Sedimentation  of  hopper  loads 

10.  In  19673  the  Philadelphia  District  investigated  sedimentation 
in  the  hoppers  of  a hopper  dredge  used  in  maintenance  dredging  in  the 
Delaware  River.  Undisturbed  samples  of  dredged  material  were  taken 
at  hourly  intervals  over  a period  of  8 to  10  hr  from  different  depths 
in  the  hopper  bin  to  determine  the  density  of  the  dredged  materia], 
slurry.  Significant  amounts  of  free  water  were  released  over  the  8-  to 
10-hr  test  duration.  The  ratio  of  average  density  of  dredged,  material 
in  the  hopper  bin  (IO96  g/i.)  to  the  average  in  situ  shoal  density 
(1288  g/i)  was  0.85. 

Percent  dry  solids 

entering  confined  disposal  area 

11.  The  percent  dry  solids  entering  confined  disposal  areas  is 
related  uo  the  pipeline  pumping  system.  As  shown  in  Figure  AlO,  the 
percent  dry  solids  is  related  to  the  pump  speed.  Similar  relationships 
could  be  developed  for  pump  size,  diaioeter  and  ,length  of  discharge  line, 
and  transport  velocity.  Once  dredged  material  enters  a confined  dis- 
posal area,  entrance  and  exit  effects  genei/ally  result  in  nonuniforra 
deposition  of  material  over  the  entire  area  and  varying  soil 
properties . 


All 


cu  Yo, 


Figui'e  AlO.  Percent  solids  versus  purap  speed  for  liississippi 
River  Gulf  Outlet  dredged  material^^* 

Sedimentation  of  clays  in  nature 

65 

12,  Skernpton  has  studied  sedimentation  and  consolidation  of 
clays  in  nature.  Table  A9  shows  rates  of  deposition  for  several  types 
of  clay  deposits . Figiire  All  shows  the  relationships  between 

water  content  and  LL  for  seabed  and  tidal  flat  deposits.  The  large 


A13 


LIQUID  LIMIT 


Figure  All.  Water  content  v versus  LL  for  seabed  and  tidal 
flat  deposits  (according  to  Skenipton,^5  courtesy  of  Geological 
Society,  Burlington  House) 


difference  in  water  contents  between  these  deposit ional  environments 
appears  significant.  The  relationship  given  by  Skempton  between  void 
ratio  (or  water  content)  and  depth  (or  effective  overburden  pressure) 
for  normally  consolidaued  cla.ys  is  shown  in  Figure  A12.  A similar  re- 
lationship between  LI  and  depth  (or  effective  overburden  pressure)  is 
given  in  Figure  A13  (on  which  ha.s  been  added  the  equation  for  the  dotted 
line  shown).  According  to  these  data,  water  contents  of  dredged  mate- 
rial placed  in  disposal  areas  should  be  expected  to  be  at  or  above  the 
LL,  generally  about  1.2  to  1.3  times  the  LL,  decreasing  to  about  the  LL 
at  a depth  of  10  ft. 

Alh 


edis’.entation  coKipression  curves  for  normally  consolidated  clays  (according  to 
Skempton,^5  courtesy  of  Geological  Society,  Burlington  House) 


0.42  LOG  Pei  Po  IN  KG/CM* 
0.42  LOG  P(,;  Po  IN  PSF 


DEPTH  3 10  30  100  300  1000  3000  M 

Pq^KG/CM2 

Figure  A13.  Relationship  between  LI  ond  effective  overburden 
pressure  for  normally  consolidated  clay  (according  to 

Skempton,®^  courtesy  of  Geological  Society,  Bxirlington  House) 


Effect  of  environmental 
factors  on  sedimentation 

13.  The  settling  velocity  of  dredged  material  is  influenced  by 
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environmental  factors  such  as  salinity,  temperature,  and  turbulence. 

The  influence  of  salinity  on  the  settling  velocity  of  clay  minerals  is 
given  in  Table  AlO.  The  settling  velocity  of  montmorillonite  clay 
increases  with  an  increase  in  salinity  up  to  seawater  concentration 
(32.5  ppt).  For  illite  and  kaolinite  clays,  maximum  settling  velocit.y 
is  approached  at  a salinity  of  about  one-fourth  that  of  seawater 
(T.3  ppt).  The  temperature  of  the  water  in  the  Delaware  River  at  Phil- 

CO 

adelphia  varies  seasono.lly  from  3l*  to  80'^F.  Tlie  influence  of  tempera 
ture  on  the  settling  velocity  of  c.'.ay  minerals  is  shown  in  Table  AlO. 


A decrease  in  temperature  from  78  to  43°F  results  in  a itO-percent  de- 
crease in  settling  velocity  for  the  three  clay  minerals  tested. 

14.  Turbulent  flow  increases  the  probability  of  particle  contacts 
and  thereby  accelerates  flocculation. However,  an  increase  in 
turbulence  beyond  some  critical  value  may  disrupt  the  floes  and  result 
in  a decrease  in  settling  velocity.  Shoaling  occurs  in  estuaries  with 
maximum  current  velocities  of  3 ft/sec.  Between  the  tidal  extremes  the 
flow  velocity  in  the  estuary  is  less  than  1 ft/sec  and  therefore  ideal 
for  sedimentation. 

Effect  of  clay  mineralogy 

and  concentration  on  sedimentation 

15.  The  settling  velocity  of  dredged  material  is  influenced  by 
clay  mineralogy,  as  shown  in  Table  AlO.  lllite  settled  about  25  percent 
faster  than  kaolinite  and  an  order  of  magnitude  or  more  faster  than 
montmorillonite . 

16.  The  settling  velocity  of  dredged  material  increased  with 

sediment  concentration  up  to  a certain  limit  and  may  then  decrease  with 
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increasing  concentration.  ’ Figure  Alh  shows  the  pronounced  influ- 
ence of  sediment  concentration  on  the  settling  velocity  of  shoal  mate- 
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rial  for  Mare  Island,  San  Francisco  Bay."  The  settling  velocities  of 

mixtures  of  clay  minerals  reveal  unique  effects  at  very  low  salt  con- 
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centrations  or  in  pure  water.  Dredged  material  from  Mobile  Bay  set- 

72 

ties  rapidly  in  water  with  salinity  ;<  1 ppt.  ' As  the  sediment  con- 
centration approaches  10  g/*-,  the  settling  floes  tend  to  interfere  with 
one  another,  there  is  a decrease  in  the  settling  velocity,  and  a layer 
of  fluid  mud  results. 

Physicochemical 

aspects  of  sedimented  clays 

17.  The  chemical  environment  in  which  clays  are  deposited  can 

1273 

influence  physical  properties  of  the  clay.  ’ ’ Vfhen  normally  con- 
solidated clays  sedimented  in  salt  water  are  leached  by  percolation 
of  fresh  water,  the  sensitivity  (ratio  between  the  peak  undrained 
strength  and  the  strength  wlien  the  clay  is  remo  led)  vrill  increase.  The 
salinity  of  the  dredged  material,  rate  of  leaching  by  fresh  water,  and 
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SALINITY,  ppl 

Figure  Al4.  Influence  of  sediment  concentration  and  salinity  of 
water  on  median  seutliiig  velocity  (from  Krone’i’l) 

possible  effect  of  overconsolidation  by  desiccation  (or  other  means) 

determine  the  valuation  of  sensitivity  v/ith  time,  but  an  increase  in 

sensitivity  might  not  affect  the  storage  capacity  of  confined  disposal 

ai’eas.  Laboratory  tests,  shown  in  Figur-e  AI5,  indicate  that  the  in  situ 

compressibility  of  limestone  residual  clay  is  essentially  the  same 

whether  sediip.ented  in  distilled  water,  in  salt  water,  or  in  salt  water 

73 

that  is  subsequently  .leached  with  .fresh  water.  However,  preconsolida- 
tion stresses  are  affected  by  leaching. 

Laboratory  sedimentation 
studies  of  dredged  material 

18.  Mathematical  models  to  predict  the  storage  capacity  of  con- 
fined disposal  areas^'^’^'^’  require  laboratory  tests  on  the  dredged 
material  to  determine  the  sedimentation  characteristics.  The  results 
of  laboratory  sedimentation  tests  on  shoal  material  from  Charleston 
Harbor  are  shown  in  P'igure  AI6. Suspensions  containing  50  percent 
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Figure  AI5.  Kffect  of  soil  pore  water  salinity  on  the  in  situ 
compressibility  of  limestone  risidual  clay  (from  Leonards  and 

Altschaeffl"<’3) 

seawater  by  volume  (1T>5  ppt  salinity)  showed  75  percent  of  the  parti- 
cles had  settling  velocities  of  less  than  0.001  ft/sec.  This  is  equiv- 
alent to  3.6  ft/hr.  Samples  of  suspended  sediment  collected  in  so- 
called  fresh  water  were  observed  to  have  flocculated  and  settled,  during 
ti'ansport  to  the  testing  laboratory.  Laboratory  sedimentation  tests 

have  been  conducted  in  connection  vrltli- dredgi  ng  studies  for  the  liilitary 

v!;  57 

Ocean  Terminal  at  Southport,  Korth  Carolina  and  San  Francisco  Bay. 
Figure  A17  shows  i.aboratory  sedimentation  test  results  on  silty  clay 
dredged  from  Wilmington  Harbor, 
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Table  A1 

Estimated  Salinity  of  Maintenance  Dredgings 
in  United  States  (after  Boyd  et  a3. . ) 


Region 

Total* ** 

Saline 

Fresh 

Coastal 

222.  h 

208.1+ 

o 

H 

Great  Lakes 

13.5 

— 

13.5 

Subtotal 

235.9 

208.1+ 

27.5 

(88!?) 

(12%) 

Interior  riverine 

62.5 

— 

62.5 

National  totcLl 

298.1+ 

208.4 

90.0 

* Million  cubic  yards  of  dredged  material. 

**  Assumes  half  of  river  channel  dredging  in  coastal  districts  is  in 
fresh  water. 


Tshle  A3 

Engineering  Properties  of  Shoal  Material  1q  Charleston  Harbor^  South  Carolina 


Baaed  un  dr>  weight. 

Liquidity  Index  - (Water  Content  -“Elastic  Limic)/<Llquid  Lloit  - Piaacic  Limit). 
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Table  A? 


Dredged  Material  Density  for  Various  Dredge  Types 
( ]^rom  Mohr^*^ ) 


Dredf;e  Type 

Dragline  on  barge. 

Dipper  dredge 

Clam  shell  or  orange  j)eel 
buckeii  dredge 

Endless  chain  bucket  dredge 
Qutterhead  dredge 
Dustpan  dredge 
Hopper  dredge 
Sidecascing  dredge 


Dredged  Material  Density 

Approaches  in-place  density  in  mud 
and.  silt.  Approaches  dry  density  in 
coarser  material. 


Diluted  to  an  average  of  1200  g/Ji. 
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APPENDIX  B:  SUMMARY  OF  CONVENTIONAL  DEWATERING  AND 

DENSIFICATION  METHODS 


PewaterinK 

1.  The  most  common  and  generally  useful  methods  for  soil  improve- 
ment are  dewatering  and  densification,  which  are  interconnected.  De- 
watering, or  the  removal  of  water  from  the  soil,  is  a method  for  soil 
improvement  which  densifies  the  dewatered  soil.  In  fine-grained  soils, 
which  are  the  mail,  concern  of  this  report,  dewatering  re.sults  in  the 
removal  of  part  of  the  pore  water  and  in  reduction  of  pore  pressure.  It 
speeds  up  consolidation  which  is  accompanied  by  an  increase  in  strength 
and  reduction  in  compressibility. 

2.  There  are  several  dewatering  methods  currently  in  practice. 

In  order  to  decide  on  the  appropriate  method  to  b_  used  it  is  necessary 
to  know: 

Depth  and  extent  of  the  formation  to  be  dewatered. 

Succession  and  grain~si?,e  distribution  of  each  stratum. 

£.  Average  permeability  of  the  soil  strata, 
d.  Groundwater  conditions. 

3.  These  data  are  useful  in  estiniati  ig  the  time  necessary  for 
dewatering  and  the  amount  of  wauer  to  be  reiioved,  which  are  major  fac- 
tors influencing  the  kind  and  size  of  oquipmeiit  needed. 

U.  Soils  with  high  or  medium  permeability  are  drained  by  gravity 
drainage  methods.  In  these  methods  the  force  which  produces  drainage 
is  the  v/eight  of  water.  The  gravity  drainage  methods  are;  pumping  from 
open  sumps,  wellpoints,  and  deep  or  shailow  bored  walls  and  di'ainage 
with  horizontal  subdrains. 

5.  Ir,  jturated  fine-grained  soils,  the  lo  : permeability  re- 
stricts the  flow.  Therefore,  soils  with  average  effective  grain  size 
less  than  about  0.05  mm,  or  soils  with  lovf  permeability,  are  more 
rapidly  drained  by  vacuum  methods.  A vacuum  is  applied  to  the  filters 
surrounding  wellpoints  or  wells.  The  vacuum  increases  the  force  which 
produces  drainage. 
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6.  Soils  with  very  low  coefficients  of  permeability  may  be 
stabilized  by  electro-osmosis.  Dewatering  of  soft,  fine-grained  soils 
with  low  permeability  can  also  be  achieved  by  consolidation  produced  by 
a load  on  the  soil  mass.  Vertical  sand  drains,  cardboard  wicks,  or 
plastic  drainage  wicks  are  sometimes  used  to  accelerate  consolidation. 

7.  At  this  time,  there  is  no  practical  and  economical  dewatering 
technique  which  can  be  used  in  the  rapid  dewatering  of  cla,y-size  mate- 
rials. Several  techniques  have  been  proposed  and  some  are  investigated. 
Centrifuge  densification,  vacuum  filtration,  use  of  wetting  agents, 
pressure  injection  of  sand  slurry,  mechanical  aerating,  chemical  fi.oc- 
culation,  ultrasonic  vibration,  and  evapotranspiration  are  under 
consideration. 

Vfellpoint  systems 

8 . Conventional  vellpoint  systems.  The  wellpoint  dewatering 
method  is  the  most  common  dewatering  technique  used  for  construction 
purposes.  A wellpoint  system  consists  of  several  wellpoints  connected 
to  2-  to  3-in,-diam  riser  pipes  and  inserted  into  the  ground  at  a spac- 
ing of  3 to  6 ft,  by  driving,  jetting,  or  placing  in  dril.led  holes. 

The  upper  ends  of  the  riser  pipes  are  attached  to  a horizontal  header 
pipe  which  leads  to  a combined  vacuum-centrifugal  pump.  The  groundwater 
is  drawn  by  the  pump  from  the  surrounding  soil  into  the  'wellpoints  and. 
through  the  system  to  the  pump,  which  discharges  the  water  into  a dis- 
charge line, 

9.  The  wellpoint  itself  is  a 2-  to  5'-ft-long,  2~  to  l+-in.-diam 
perforated  pipe  covered  with  a screen.  It  is  constructed  with  either 
closed  ends  or  self-jettiag  tips.  Recently,  nonmetal  wellpoints  have 
been  used,  consisting  of  ijo.lyvinyl  plastic  pipes  with  machined  slots 
which  re.sist  corrosion  and  re<iuirc  relav.ively  little  maintenance.  They 
are  more  economical,  than  metal  wellpoi-tils . 

10.  In  soils  finer  than  clean  sands  and  sandy  gravel.s,  a sand 
filter  is  necossary  around  the  wellpoint  to  prevent  clogging.  Ihe  max- 
imum depth  of  lowering  the  water  table  with  one  stage  of  wellpoints  is 
about  16  ft.  The  main  advantage  of  the  method  is  that  several  well- 
points can  be  operated  by  a single  pumtj. 
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11.  Vacuum  wellpoint  system.  A vacuum  wellpoint  system  is  simi- 
lar to  a conventional  wellpoint  system;  the  difference  is  that  the  well- 
point and  riser  pipe  are  siirrounded  with  a sand  filter  sealed  at  the 
top  by  a plug  of  bentonite,  cement,  or  clay.  In  additional  to  con- 
ventional pu:aping  equipment,  a vacuum  pxiinp  is  attached  to  the  header 
pipe  creating  a vacuum  in  the  sand  filter  and  helping  draw  water  out  of 
the  surrounding  soil. 

12.  The  vacuum  system  can  lower  the  water  table  to  a depth  of 
18-25  ft  in  a single  lift,  but  for  these  depths,  the  vacuum  induced  is 
small.  The  method  can  be  used  for  dewatering  silty  fine  sands  and  sandy 
silts  with  a low  coefficient  of  permeability. 

13.  Eductor  wellpoint  system.  The  jet-eductor  wellpoint  system 
consists  of  a wellpoint  above  whicb,  in  a U-in.-diam  casing,  a jet- 
eductor  pump  is  located  and  attached  to  two  riser  pipes.  The  riser 
pipes  are  connected  to  separate  headers,  one  to  supply  water  imder  pres- 
sure to  the  eductor  pumps  and  the  other  for  the  discharge  from  the  well- 
points.  The  jet-eductor  pumps  mahe  dewatering  possible  in  a single 
stage  to  a depth  of  50-100  ft.  The  method  can  be  used  for  dewatering 
sands  or  silty  sands  and,  with  proper  control,  sandy  silts.  It  is  use- 
ful for  large  drawdowns  where  pumping  volumes  are  small. 

II+.  Horizontal  '^ellpointing.  A new  dewatering  method  is  cur- 
rently being  used  in  England.  A machine  excavates  an  0.75-ft-wide  and 
6-  to  20-ft-deep  trench,  into  which  a long,  3-  to  J^-in.-diam  perforated 
plastic  pipe  is  laid  horizontally.  At  random  InterA'als  the  plastic 
pipe  is  cut  and  connected  to  an  unperforated  pipe,  which  is  brought 
up  to  the  ground  surface  and  connected  to  a wellpoint  pump.  The  trench 
is  then  backfilled  with  the  excavated  material  or  with  a granular  fill. 
The  system  can  be  installed  econo.mically  in  a very  short  time. 

Deep  w'dl  systems 

15.  Deep  veils  for  dei  cering  are  similar  to  commercial  water 
wells,  A 6-  to  36-in. -diaift  casing  with  a length  up  to  100  ft  or  more  is 
installed  in  a bored  hole.  The  casing  is  perforated  some  or  all  of  its 
length  and  provided  with  a screen.  Recently,  the  traditionally  steel 
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well  screen  has  been  made  of  glass  fiber,  which  has  a strength  similar 
to  steel  but  is  inert  to  corrosion. 

16.  If  the  soil  is  too  fine-grained  to  be  filtered  by  the  screen 
alone,  a gravel-sand  filter  is  placed  around  the  screen.  A deep  well 
p'.imp  is  installed  near  the  bottom  of  each  well  aiid  attached  to  a riser 
pipe.  The  riser  pipe  is  connected  to  a suitable  header  system  through 
which  the  water  is  discharged. 

17.  Both  the  wellpoint  and  the  deep  well  system  may  be  used  in 
conjunction  with  a vacuum  system  to  dewater  fine-grained  sands  and  sandy 
silts.  Deep  wells  are  highly  effective  for  removing  large  volumes  of 
water  from  all  types  of  permeable  soils  but  installation  and  operational 
costs  are  high. 

Subs\xrface  drainage  systems 

18.  Subsurface  drains  are  conduits  embedded  in  a backfill  of 
filter  material  laid  on  the  bottom  of  a trench  which  collect  and  dis- 
pose of  water  that  occurs  below  the  ground  surface. 

19.  A subsurface  drainage  system  consists  of  three  components: 

the  filter,  the  conduit,  and  the  disposal  system.  Filter  materials  are 
well-graded  sand-gravel  mixtures  with  two  requirements:  they  must  be 

fine  enough  to  prevent  infiltration  of  the  soil  grains  into  the  drain 
and  coarse  and  pervious  enough  to  permit  the  flow  of  water  into  the 
drain. 

20.  The  conduit  collects  water  from  uhe  filter  and  carries  it  to 
the  disposal  system.  Conduits  can  be  pipes  of  metal,  clay,  plastic,  or 
fibrous  material,  or  open-jointed  tiles.  Tlie  disposal  system  removes 
the  water  from  the  area  by  gravity  or  by  pumping. 

21.  Subsurface  drainage  systems  are  effective  in  all  types  of 
permeable  soils. 

Vertical  sand  drains 

22.  Vertical  sand  drains  are  used  mainly  in  thick,  highly  com- 
pressible deposits  of  organic  soil,  silt,  or  clay.  Their  purpose  is  to 
accelerate  the  consolidation  of  compressible  layers  of  fine-grained 
soils.  They  provide  vertical  drainage  outlets  foi'  water  squee'/.ed  from 
the  surrounding  soil  by  the  weight  of  a surcharge  load,  thereby 
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increasing  the  shear  strength  of  the  soft  soil  and  decreasing  post~ 
construction  settlements  to  tolerable  values. 

23.  Vertical  sat^d  drains  consist  of  a series  of  6-  to  l8-in.-diam 
vertical  cylindrical  columns  of  free-draining  sand,  installed  at  6-  to 
15-ft  spacings.  The  upper  ends  of  the  sand  drains  are  connected  at  the 
ground  surface  by  a drainage  blanket  on  which  a surcharge  fill  Is  placed. 
The  weight  of  the  surcharge  fill  squeezes  water  out  cf  the  underlying 
soft  soil  and  causes  flow  toward  the  sand  drains.  The  water  rises  in 
the  sand  drains  to  the  drainage  blanket,  where  it  drains  away  to  the 
sides  of  the  area  occupied  by  the  drains.  If  the  area  extent  of  the 
fill  is  large,  collector  pipes  or  ground  drains  are  provided  in  the 
drainage  blanket.  After  the  compressible  soil  formation  has  been  con- 
solidated, the  surcharge  is  removed.  If  the  fine-grained  compressible 
soil  formation  overlies  a pervious  stratum,  the  drainage  can  be  per- 
formed downward  into  the  more  permeable  stratum,  which  can  be  dewatered 
with  wells  or  wellpoints. 

2k.  Sand  drains  are  installed  by  various  methods.  The  displace- 
ment method  uses  a hollow  mandrel  with  a closed  bottom  plate  which  is 
driven  into  the  soil.  Hie  mandrel  is  filled  with  sand  and  then  with- 
drawn while  the  bottom  plate  opens.  The  sand  is  forced  out  by  air  pres- 
sure to  form  a continuous  sand  column  in  the  ground.  The  displacement 
method  of  sand  drain  installation  causes  disturbance  and  "smear"  in  the 
fine-grained  soil  in  a zone  next  to  the  drain.  While  disturbance  re- 
duces the  permeability  of  the  disturbed  zone,  secondary  compression 
settlements  are  reduced  for  small  loading  increments.  Nondisplacement 
methods,  such  as  augered  ho3.es  or  jetted  ho.les,  are  sometimes  used  to 
minimize  disturbance  but  may  still  cause  some  smear  of  the  walls  of  the 
holes.  Dredged  material  is  fully  remolded  and  any  installation  method 
could  be  used. 

25.  Tlie  surcharge  load  has  t.o  be  applied  in  stages  when  the  soft 
soil  is  too  weak  to  support  the  entire  load.  By  overloading  the  ground, 
shear  failures  may  occur  in  lihe  subsoil  and  the  sand  drains  are  likely 
to  become  discontinuous  and  ineffective.  In  a new  type  of  vertical 
sand  drain,  sand  is  placed  in  jute  textile  bags  which  resist  shear 


failure  of  the  drain  caused  by  displacements.  Stockings,  made  of  woven 
polypropylene , can  also  be  filled  with  sand  and  used  for  vertical  sand 
drains . 

26.  The  design  of  vertical  sand  drain  systems  has  developed  from 
an  empirical  to  a more  rational  procedure  based  on  theoretical  consoli- 
dations. The  theoretical  principles  needed  in  the  design  are  based  on 
the  consolidation  theory  as  applied  to  radial  flow.  TTie  following  de- 
sign data  can  be  estimated:  diameter  and  spacing  of  sand  dra'-.ns; 

thickness  of  drainage  blanket;  safe  rates  of  load  application;  height 
of  surcharge  fill  necessary  to  produce  a required  degree  of  consolida- 
tion; needed  time  for  the  completion  of  the  project;  and  the  amount  of 
settlement  to  be  anticipated. 

27-  One  of  the  major  problems  with  sand  drain  projects  is  shear 
failure  in  the  unstable  subsoil  dxrring  construction.  To  ensure  against 
these  failures,  stability  analyses  should  be  made  at  various  times  dur- 
ing the  construction. 

28.  Since  there  are  some  \mcertainties  involved  in  the  determina- 
tion of  calculated  design  data,  field  control  observations  are  required 
during  and  after  construction.  By  measui-ing  pore  pressures  and  hori- 
zontal and  vertical  displacements,  the  rate  of  loading  can  be  controlled 
for  various  heights  of  fill  placement. 

29.  The  improved  drainage  afforded  by  .vertical  sand  drains  accel- 
erates primary  consolidation  (which  is  due  to  pore  water  extrusion)  but 
does  not  affect  seconda.ry  compression.  Settlements  due  to  secondary 
compression  can  be  reduced  by  temporary  surcharge  loading. 

30.  Sand  drains  should  not  be  expected  to  be  of  value  in  high.ly 
organic-  deposits  or  peat  subsoils,  since  such  materials  normally  have 
high  coefficients  of  consolidation.  The  drains  are  useful  beneath  large 
loaded  areas  supported  by  formations  consisting  of  alternate  strata  of 
sand  and  clay,  but  are  not  required  if  the  loaded  areas  are  small.  Sand 
drain.s  are  particularly  effective  in  thick,  homogeneous  clay  deposits, 
where,  because  of  their  low  permeability  and  large  drainage  paths,  con- 
solidation without  sand  drains  would  he  very  slow, 

31.  The  installation  ol  , ertical  sand  drains  is  rather  expensive; 
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therefore,  the  designer  should  first  determine  if  it  is  necessary  to 
accelerate  consolidation  before  recommending  sand  drains.  Generally, 

6 months  to  2 yr  is  required  for  consolidation  of  a soft  soil  deposit 
with  sand  drains. 

32.  Cardboard  wicks.  In  Sweden,  corrugated,  band-shaped  cardboard 
wicks  were  tried  instead  of  sand  drains  with  a good  result.  I'hese  have 
no  capillary  action  and  the  use  of  the  term  "wicks"  to  describe  them  is 
probably  incorrect . They  are  driven  into  the  ground  by  a machine  de- 
signed for  this  purpose.  The  maximum  driving  depth  is  65  ft.  Card- 
board wicks  were  used  on  a large-scale  basis  in  the  building  of  Halmson 
Airport  near  Stockholm  in  a 23-ft-deep  layer  of  very  soft  alluvial  silt, 
underlain  by  shell  sand.  Wicks  have  also  been  used  in  the  port  of 
Antwerp,  Belgium,  and  they  are  also  extensively  use^  in  Japan. 

33.  Electro-osmatic  dewatering.  Electro-osmatic  or  the  electrical 
drainage  method  can  be  highly  effective  in  dewatering  f ine-gra'’ "ed  soils, 
such  as  silts,  clayey  silts,  and  fine  clayey  silty  sands.  This  method 

is  quite  costly  because  the  pov/er  requirements  are  usually  high,  espe- 
cially in  saltwater  areas.  It  is  mainly  used  in  those  countries  where 
electricity  is  relatively  inexpensive,  such  as  Canada,  Norveay,  and  Swit- 
zerland. It  has  been  used  only  on  a few  occasions  in  the  United  States. 
Dewatering  dredged  material 

3U.  One  purpose  in  dewatering  dredged  material  is  to  increase  the 
storage  capacity  of  disposal  areas  by  reducing  the  volume  of  water  in 
the  slurry.  Another  purpose  is  to  develop  land  suitable  for  cultivation 
or  building  sites, 

35 • In  Holland,  a deposit  area  is  prepared  and  divided  into 
smaller  areas  of  lagoons.  Ai'ound  the  lagoons  small  dikes  and  drainage 
ditches  are  built.  The  slurry  is  pumped  into  uhe  lagoons  in  5-ft  layers. 
Each  layer  is  left  to  drain  for  approximately  12  months  through  outlets 
cut  into  the  dike.  The  lagoons  are  filled  and  drained  in  rotation.  By 
this  method  a 15-ft-thick  layer  of  dredged  material  can  be  drained  and 
densified. 

36,  A chemical  dewatering  technique,  the  "Panfloc  Method,"  used 
in  Japan,  is  based  on  the  transformation  of  dredged  slurry  from  a 


single -grained  to  an  aggregated  structure.  A coagulant,  carboxymethyl 
cellulose  grafted  with  acrylic  acids  (Panflcc  X)  is  added  to  the 
dredged  material  in  the  delivery  pipe,  causing  clay  and  silt  particles 
to  coagiilate  with  sand  grains.  The  coagulated  particles  then  settle 
with  an  increased  sedimentation  velocity. 

37*  A method  used  at  the  Rotterdam  (Holland)  Harbor  for  preparing 
drainage  ditches  in  dredged  material  depots  uses  a vehicle  supported 
lengthwise  by  two  cylinders  which  enable  it  to  move  on  the  mud  siorface. 
Rotating  si  cal  cutting  edges  are  mounted  along  the  length  of  both 
cylindeis  propelling  the  vehicle  through  the  mud.  The  dredged  material 
is  deposited  into  diked  areas  in  layers  about  1 m thick  and  consolidated 
for  2 months.  During  this  time  the  emerging  water  is  drained  into  a 
canal  outside  the  depot  dike,  A surface  drainage  system  is  then  estab- 
lished in  three  stages.  During  the  first  stage  the  vehicle  enters  the 
depot  and  moves  across  the  mud  surface  producing  ditches  in  the  mud 
about  10  cm  deep.  Two  months  later,  during  the  second  stage,  the 
ditches  are  deepened  by  a set  of  small  disk  wheels  pulled  by  the  vehicle , 
The  mud  is  then  left  to  consolidate  for  another  2 months.  In  the  third 
stage  the  big  disk  wheel  is  pulled  by  a tractor  making  ditches  about 
0.5  to  0.6  m deep  and  10  m apart-  Wlien  the  first  layer  of  mud  has  been 
sufficiently  drained  and  consolidated,  a new  layer  is  spread  out  and 
the  treatment  is  repeated.  With  this  procedure  seven  layers  can  be 
deposited,  which  after  drainage  and  shrinking  decrease  to  a h-m  final 
thickness.  About  a 10-yr  period  is  necessary  to  coiisolidate  a seven- 
layer  depot  and  to  change  the  dredged  material  from  mud  to  earth. 

38.  Besides  the  above-mentioned  dewatering  methods,  several  other 
methods  are  under  investigation. 

Dewatering  industrial  wastes 

39-  Dewatering  of  ore  tailings-,  sewage  sludges,  and  industrial 
wastes  brings  up  similar  problems  which  occur  in  connection  with  de- 
watering dredged  material.  The  study  of  methods  used  in  dewatering 
these  materials  can  help  obtain  a solution  for  dewatering  dredged  mate- 
rial and  vice  versa.  There  are  several  dewatering  techniques  used  by 
industry,  but  unfortunately  published  information  on  the  subject  is 
surprisingly  scarce. 
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Densification 


Vitro flotation 

^40.  Vibroflotation  tectaiques  have  been  used  extensively  in  den- 
sifying  loose  granular  materials  with  good  results.  Unfortunately,  the 
method  becomes  ineffective  if  the  sand  contains  fines  in  excess  of  about 
20  percent,  with  clays  not  responding  to  vibration  at  all.  . 

4l.  For  strengthening  cohesive  soils,  the  "stone  column"  or  the 
"vibro-replacement"  technique  is  adapted.  The  technique  may  be  applied 
to  any  soft  or  firm  cohesive  soil.  It  can  be  used  successfully  even  in 
the  treatment  of  soft  organic  clays. 

j 

k2.  In  the  process,  vertical  holes  are  formed  in  the  ground  by 
vibroflotation.  The  holes  are  then  backfilled  with  coarse  gravel  or 
crushed  stone,  and  compacted  in  stages  by  the  vibration  and  weight  of 
the  vihrofloat.  ‘The  compacted  granular  columns  interact  with  the 
treated  soil  increasing  the  average  shear  strength  and  reducing  the  com- 
pressibility of  cohesive  soils.  They  also  act  as  drains  and  speed  up 
consolidation. 

Precompression  of  snlls 

43.  Frecompression , also  called  preloading  or  surcharging,  is  an 
effective  and  economical  procedure  for  improving  the  bearing  capacity 
of  weak,  compressible  subsoils  prior  to  construculon. 

44.  The  method  is  especially  effective  on  compressible  soils  in 
which  consoi.idat j.on  takes  place  rather  rapidly  such  as  soft,  fine- 
grained silts  and  clays,  organic  deposits,  and  sanitary  landfills.  Even 
in  such  soils  the  available  time  limits  uhe  thickness  of  the  soil  layer 
to  be  precompressed  to  approximately  15  ft.  Thinner  layers  of  soils 
that  consolidate  slowly  can  also  be  treated,  but  slowly  consolidating 
clays  of  great  thickness  are  net  suitable  for  preloading  since  the  re- 
quired loading  period  to  obtain  the  necessary  settlement  is  long.  Ver- 
tical drains  can  be  installed  to  accelerate  consolidation,  if  necessary. 

45.  Precompression  involves  placement  of  a temporary  surface  load 
over  the  area  to  be  loaded  by  the  structure  with  load  generally  exceed- 
ing the  ultimate  structural  load.  This  procedure  squeezes  water  out  of 
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the  soil  voids,  and  when  the  desired  percentage  of  consolidation  is 
reached,  the  load  is  removed.  E»ue  to  the  effect  of  precompression,  the 
consolidation  is  accelerated,  the  shear  strength  of  the  subsoil  in- 
creased, and  the  magnitude  of  postconstruction  settlements  reduced. 

k6.  Precompression  is  most  frequently  accomplished  by  placing  dead 
load  in  the  form  of  earthfills  or  water  in  tanks  or  ponds  over  the  area 
of  the  future  construction.  The  Elizabeth- Port  Authority  Marine  Termi- 
nal on  Newark  Bay  was  stabilized  by  using  seawater.  The  preload  was 
provided  by  two  reservoirs  lined  with  plastic  membranes  and  filled  with 
water.  One  of  the  advantages  of  the  water  surcharge  technique  is  that 
water  can  be  placed  and  removed  faster  than  earthfills. 

47.  Planning  of  a precompression  project  needs  detailed  subsoil 
investigations,  laboratory  tests,  and  design  analyses.  During  the  place- 
ment of  the  load  and  during  the  consolidation  period,  field  observations 
of  settlement  and  pore  pressure  are  required  so  that  modifications  can 
eventually  be  made  to  assure  the  required  result. 

48.  The  precompression  method  was  introduced  with  the  construction 
of  highway  embankments.  The  method  has  been  extensively  used  for  light 
to  medium  buildings,  oil  storage  tanks,  and  highway  bridges.  However, 
its  use  is  uoi  advisable  where  local  highly  concenurated  loadings  exist. 
Compaction  with  mechanical  equipment 

49.  Compaction,  or  densification  with  mechanical  equipment,  is  a 
standard  method  for  improving  the  bearing  capacity  of  natural  soil  de- 
posits or  man-made  fills.  Compaction  is  effective  only  in  partially 
saturated  soils;  hence,  the  method  is  non  applicable  for  densifying 
dredged  material  and  will  not  be  reviewed. 

Tliei-mal  and  Chemical  .toil  Trealrrci.t 


Thermal  soil  treatment 

50.  One  method  of  improvi>ig  the  piiysical  pro;;erties  of  soils  is 
to  he.at  them  to  sufficiently  higi.  temperatures.  By  theniial  treatmetr., , 
the  water  consent  and  coraprbscibility  of  the  soil  are  reduced  and  its 
shear  sti’cngth  and  permeability  increased.  Tiie  tljcrmal  er'crgy  required 
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to  develop  adequate  soil  sti-ength  depends  on  the  water  content  and  the 
mineralogical  and  chemical  composition  of  the  soil.  The  required  energy 
varies  widely  from  soil  to  soil.  Tliermal  treatment  is  used  as  a pro- 
cedure for  stopping  slides  and  plastic  flow  in  clays,  for  reducing  un- 
even settlements  in  soaked  loess,  and  for  improving  the  traff icability 
of  soils. 

51.  ThejTnal  treatment  of  soils  by  burning  fluid  or  gas  fuel  in 
borings  was  experimented  and  applied  in  the  U.  S.  S.  R. , Rumania,  and 
Japan.  Since  the  thermal  diffusivity  of  soil  is  small,  a considerable 
duration  of  combustion  is  necessary  to  increase  the  range  of  soil 
solidification.  The  effective  range  of  soil  strengthening  around  a 
boring  at  the  burning  temperature  of  1+60®C,  and  for  burning  duration  of 
10  days,  has  a diameter  of  about  20  cm.  The  resulting  final  strength 
of  soil  is  about  10  or  20  times  the  initial  strength.  Surface  treatment 
has  been  observed  to  a depth  of  about  6 in. 

Chemical  soil  treatment 

52.  Experience  gained  in  the  field  of  chemical  soil  treatment  may 
provide  a method  of  changing  the  properties  of  dredged  material  to  allow 
better  drainage  possibilities.  In  the  operation  of  water  supplies, 
sewage  systems,  and  in  the  treatment  of  papermill  wastewater  and  other 
industrial  wastes,  flocculants  are  added  to  suspensions  vhijh,  by  in- 
creasing the  electrical  attraction  between  fine-grained  particles,  tend 
to  flocculate  the  particles,  making  larger  particles  of  smaller  ones. 

The  flocculation  of  the  particles  causes  a rapid  settling  rate  and  a 
higher  permeability  for  t’ne  settled  dredged  material. 
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APPENDIX  C:  ECONOMIC  EV'ALUATIONS 
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200 

0.31 

0.U3 

■ 2.38 

1 

500 

50 

0.16 

0.73 

6.85 

8. 

100 

100 

0.25 

1.15 

4.35 

150 

0.29 

1.33 

3.76 

200 

0.31 

1.42 

3.52 

1000 

50 

0.l6 

1.08 

9.26 

16, 

100 

100 

0.25 

1.69 

5.92 

150 

0.29 

1.96 

5.10 

200 

0.31 

2.10 

4.76 

f 

3. 

As  sumc 

that  temporary  surcharge 

fill  weighs  100 

pcf  and 

does 

not  settle 

' below 

groundwater 

level.  For  1 

convenience,  assume  fill 

cost  = $l/cu  yd. 


C3 


Then:  Added  storage  obtained  = (AH  x area)/27,  sq  ft 


Fill  cost  = $l/cu  yd  or  for  height  of 

Si 

Fill  cost  = ^ X — X area,  sq  ft 


Cost  of  added  storage  obtained  per  cubic  yard 

27 


$1  X X A 
fill  cost  F 


$1  X Hp  in  feet 


added  vol 


27 


AH  X A 


AH  in  feet 


Temporary  Surcharge  Fill  vith  Vertical  Drains 

h.  Assume  thickness  of  dredged  material  to  be  densified  = 20  ft. 
Assume  that  5 years  time  is  available  to  secure  90-percent  average  den- 
sification  and  that  c^  = 0.02  sq  ft/day. 

5.  Place  sand  blanket  on  surface  with  collector  pipes  and  assume 
one-way  vertical  drainage,  i.e.  , no  underdrainage. 

Vertical  drainage  component: 

2 

. , n,  „ 5 X 365  X 0.02 

Assume  t = or  T = — r ; at  5 years  T = 

c V ,,2  ’ ' V ^^2 

V H 20 


_ u 

or  T = 0.091  for  which  U = 3*+  percent  and  = 0.66 

V V ■ u 


Combined  radial  and  vertical  drainage: 


For  U =90  percent  , then  ( — 
ave  ^ 

\ o 


0.10 


or 


(I-) 

\ ° / 1 • 


ave 


fu  ) ^ 

\ o / \ 


= 0.15  and  (U)^  = 85  percent, 


radial 
tc 


Also,  T = 


30 

For  12-in. -diam  drains;  from  nomograph  d = 9*2  ft  for  triangular 


array  or  9.2/1.072  = 8.5-ft  outer  circumference  for  square  arr 


ay. 
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For  20-ft-long  drains  costing  $l/lln  ft,  the  cost  of  drains  = $1  x 20/ 
2 

8.5  = $0.2768/sq  ft  treated  area  or  $12,100/acre  treated  area. 

Sand  blankets : 

For  1-ft-thick  blanket  the  cost  at  $l/cu  yd  ^ $1  x 1/27 
$0.03704/sq  ft  = $l600/acre  treated  area.  For  collector  pipes  at 
$1200/acre  the  total  cost  is: 

Vertical  drains  $12, 100/acre 
Sand  blanket  l,600/acre 

Collectors  1,200/acre 


Total  $l4,900/acre,  plus  fill 
Settlement  of  20-ft-thick  layer  of  dredged  material: 


9' 

9' 







CRUST,  91  pcf 


SL 


?3.5‘ 


18' 


K X C p + Ap 

AH  log 

o p 


Upper  layer : 
Lower  layer : p 

o 

AH 


28  X 4.5  + 182  = 308  psf 
28  X 13.5  + 182  = 560  psf 
C ~ 


9 X 


1 + e 


log  “ 


Po  t Ap 


Calculations 

in  Increased 

Storage 

VoJ.ume 

Ap 

LL 

c 

c 

% 

ft 

AH, 

L 

ft 

AH.  , , 
•total 

ft 

Volume 
cu  yd/acre 

1 + e 

0 

100 

50 

0.16 

0.18 

0.10 

0.28 

452 

75 

0,22 

0.2^4 

0.14 

0.38 

613 

100 

0.25 

0.27 

0.16 

0.43 

694 

150 

0.29 

0.32 

0.19 

0.51 

823 

200 

0.31 

0. 34 

0.20 

0.54 

671 

500 

50 

0.l3 

0.60 

o.4o 

1.00 

1613 

75 

0.22 

0.83 

0.55 

1.38 

2226 

100 

0.25 

0.94 

0.62 

1.56 

2517 

150 

0.29 

1.09 

0.72 

1.81 

2920 

200 

0.  31 

1.17 

0.77 

1.94 

3130 

1000 

50 

0.16 

0.90 

0.64 

1.54 

2485 

75 

0.22 

1.24 

0.88 

2.12 

3420 

100 

0.25 

1.4l 

1.00 

2.41 

3888 

150 

0.29 

1.64 

1 .16 

2.80 

4517 

200 

0. 31 

1.T5 

1.24 

2.99 

4824 

ri 


For; 


A^  = 100  psf  Fill  cost  = $ 1,600/acre 

Vertical  drains  = $12,100/acre 

Collectors  - 1,200/acre 


Total  $lU, 900/acre 

Ap  = 900  psf  Fill  (sand)  = $ 8,100/acre 

Vertical  drains  = 12,100/acre 

Collectors  - 1,200/acre 


Total  $21,400/acre 

Ap  = 1000  psf  Fill  = $16, 100/acre 

Vertical  drains  = 12,100/acre 

Collectors  = 1,200/acre 


Total  $29»^00/acre 


Ap 

Cost  of  Added  Storage 

i ' ■, 

psf 

LL 

$/cu  yd 

100 

50 

33.00 

i 

75 

2I1.3O 

100 

21.50 

150 

18.10 

200 

17.10 

\_n 

0 

0 

50 

13.30 

■ * 

75 

9.60 

100 

8.50 

c 

150 

7.30 

i-'' 

200 

6.80 

. d 

* iV 

1000 

50 

11.80 

’ 

75 

, 8. 60 

. i 

ii 

100 

7.60 

150 

6.50 

200 

6.10 

(1-fL  fill) 


(5~ft  fill) 


(lO-ft  fill) 
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Water  Surcharpie  Load  with  Underdralnage , Surface 
Membrane,  and  Collectors 


6.  New  York  Port  Authority  (NYPA)  work  cost  for  63  acres  is: 


PVC  lining  and  reservoir 
filling  to  21  ft 

Underdrains 

Instrumentation 


Total 

$625,500 

63,900 

16,500 


Cost/Acre 

$ 9,929 

l,0ll+ 

261 


Cost/ 

SsLlt 

$0.23 

0.02 

0.01 


$0.26 

Per  discussion 


Total  $705,900  $11,20U 

For  NYPA  work,  PVC  lining  and  filling  cost  $0.26/sq  ft 
with  Dr.  Charles  E.  Staff  of  Stai'f  Industries,  Inc;*^ 

Liner,  10-mil  thick  $0.06/sq.  ft  delivered 

Liner,  20-mil  thick  $0.1l/sq  ft  delivered 

Labor  to  install  $0.025/sq  ft  delivered 

Per  Mr.  Staff,  liner  cost  would  be  about  $0.lt/sq  ft  for  20-mil 

liner  or  about  $6l00/acre. 

Above  liners  are  unreinforced  PVC  intended  for  single  use. 

7*  For  PVC  reinforced  with  nylon  scrim  fabric  with  100- lb  tear 
strength,  as  used  in  the  permanent  pond  at  U.  S.  Army  Engineer  Waterways 
Experiment  Station  (WES),  the  probable  cost  would  be: 


Liner 

Labor 

Equipment 

Total 


$0.30/sq  ft 
0.25/sq  ft 
0.15/sq  ft 


$0.70/aq  ft  (or  $30, 500/acre, 
plus  drainage) 

Using  unreinforced  PVC  liner: 

PVC  liner  wi^h  filling  $ 9,900/acre 
Underdrainage  layer  l,600/acre 

Collectors  1,200/acre 


Total 


$12, 700/acre 


* Personal  communication,  10  Octoler  1975,  Dr.  Charles  E.  Staff,  Staff 
Industries,  Inc.  , 
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Effect  of  water  ponding: 

1 ft  of  water  loading  = 0.63  ft  of  soil  load 
10  ft  of  water  loading  = 6.3  ft  of  soil  load 
20  ft  of  water  loading  = 12.6  ft  of  soil  load 
or 

1 ft  of  soil  load  = 1.59  ft  of  water  load 

5 ft  of  soil  load  = 7.9*+  ft  of  water  load 

10  ft  of  soil  load  = 15 • 8?  ft  of  water  load 

(Total  cost  = $12, 700/acre ) 


Depth 

Water  Added  Storage  in  Cu.  Yd/Acre  Dollars/Cu  Yd  of  Added  Storage 
Load  Wj  


ft 

50 

75 

100 

150 

200 

50 

75 

100 

150 

200 

1.6 

350 

U80 

560 

650 

680 

36.30 

26.50 

22.70 

19.50 

18.70 

7.9 

Il80 

1620 

i860 

2150 

2290 

10.80 

7.80 

6.80 

5.90 

5.50 

15.9 

17*+0 

2UOO 

2730 

3160 

3390 

7.30 

5.30 

4.60 

4.00 

3.70 

Surface  Vacuum 

Mat  with  Drainage  Layer  and 

Collectors 

8.  Dor  a vacuum  induced  in  a sand  blanket: 

Induced  Vacuum 

Inches 


of  Hg 

siL 

EsiL, 

1 in.  of  Hg 

= 1.133  ft  of  water 

10 

4.9 

707 

= 0.03342  atm 

15 

7.4 

1061 

= 0.4913  poi 

17 

8.4 

1203 

= 70.743  psf 

20 

9.8 

1415 

A vacuum 

of  15 

to  20  in. 

of  Hg  can  be  attained. 

ITiis  can  be  regarded 

as  equivalent  to  lOOO-llOO  psf,  approximately.  For  a 10-ft  layer: 

C p + Ap 

1 ; p = 266  psf 

O D ° 
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C 

Ap  = 1000  psf 

Ap  = 

l400  psf 

C 

T _L. 

AH 

AV 

AH 

AV 

LL 

I + e 

0 

ft  cu 

yd/ acre 

ft 

cu  yd/acre 

50 

0.16 

0.87 

IhOU 

1.02 

l6hS 

75 

0.22 

1.19 

1920 

l.UO 

2259 

100 

0.25 

1.36 

219^+ 

1.59 

2565 

150 

0.29 

1.57 

2533 

1.85 

2985 

200 

0.31 

1.68 

2710 

1.98 

3191 

Assume  cost  as : 

20-mil  PVC  membrane  at  $0.l4/sq  ft 

= $6l00/acre 

1-ft  sand 

bl.anket 

= 1613/acre 

Collectors 

= 1200/acre 

Construction  cost  = $8913/acre 


Assiaming  that  power  and  equipment  costs  are  $50/day  and  that  one  shift 
of  labor  cost  = 12  x 8 x 5 = $500/week  = $2000/month,  say  $30, 000/year 
+ 300  X 50;  total  = $45,000/year. 

9-  For  a 10-ft  thickness  with  one-way  drainage  .( see  Figure  30  of 
main  text),  assume  that  pumping  is  required  for  5 years  to  get  50-percent 
consolidation.  For  5 years,  operating  cost  is  $225,000.  Assuming  a 
1,000-  by  3,000-ft  disposal  area,  or  68.87  acres,  operating  cost  is 
$3,267/acre. 

Membrane  and  collectors  - $ 8, 913/ acre 
Pumping  -•  3,267/aore 

Total  = $12,l80/acre 


Ap  = 1000  psf Ap  llOO  psf 


LL 

AV  , cu  yd/acre 

Cost/Cu  Yd. 

AV  , cu  yd/ acre 

Cost/Cu  Yd 

50 

ihOb 

$8. 60 

l6^^6 

■ $7 . 3h 

75 

1920 

6.29 

2259 

5.35 

100 

219i* 

5.51 

2565 

i*.71 

150 

2533 

1*.T7 

2985 

1.05 

200 

2710 

U.k6 

319i+ 

3.78 

Underdrainane  Densification 


0 


Case  1:  Gi'oundwater  level  at  base  of  dredged  material.  No  suction  in 

pore  water  in  dredged  material. 

Case  2:  Same,  with  suction. 

10.  Compute  settlements  and  costs  corresponding  to  the  incre- 
mental benefits  of  suddenly  turning  on  the  underdrainage  system  after  a 
crust  had  formed. 

Case  1:  ~ = ^55  psf,  neglect  crust  settlement 


Case  2:  p = 266  psf  p + Ap  = JJO  psf 

o c 


c 

Case  1 Case  2 


LL 

i.  T e 

o 

AH  , ft 

Cu  yd/acre 

AH  , ft 

Cu  yd/acre 

50 

o.i6 

0.3T 

597 

O.Jk 

1192 

0.22 

0.51 

823 

1.02 

1638 

100 

0.25 

0.58 

936 

1.15 

1861 

150 

0.29 

0.68 

1097 

1.  3^+ 

2160 

200 

0.31 

0.72 

1162 

l.i+3 

2308 

11. 

Cost  of 

obtaining 

underdrainage 

varies  with 

conditions 

a collector  pipe  system  on  top  of  the  foundation  is  probably  the  minimum 
possible  that  will  be  required  to  avoid  building  up  high  pore  pressures 


in  a natural  sand  foundation.  In  this  case,  assume  collector  cost  as 
$1200/acre. 

12.  If  a sand  blanket  must  be  provided,  assume  sand  is  available 


CIO 


n 


r . 


at  $l/cu  yd  by  dredging  deeper,  and  use  collector  pipe  system 

Sand  = $l6l3/aore 

Collectors  = 1200/acre 


Total  = $28l3/acre 
Cost/Cu  Yd  of  Added  Storage 


Case  1 


Case  2 


benefits  assuming  that  crust  has  foi-med  to  2 ft,  Psf, 


+ Ap  = 2210  psf,  and 


H = 10  ft. 
o 


Pumping  required: 


I 1 M 


It  is  difficult  to  describe  vhat  is 
’’average."  As  an  extreme  case,  assume 
seepage  entrance  face  at  peririeter  of 
disposal  area  with  sand  at  surface. 


r^rr 


2‘  NATURAL  (OR 
ARTIFICIAL}  BLANKET.^' 


10*  SAND  LAYER 
IN  FOUNDATION 


I I 

M 


-70  PSI  VACUUM 
IN  SAND 


'PUMPED  WELLS 


Cll 


LL 

Collectors 

Only 

Sand  Blanket 
and  Collectors 

Collectors 

Only 

Sand  Blanket 
and  Coli.ectors 

. 

50 

$2.01 

$1+.?1 

$1.01 

$2.36 

1 

75 

1.1+6 

3.42 

0.73 

1.72 

1 

1 

100 

1.28 

3*01 

0.64 

1.51 

1 

150 

1.09 

2.56 

0.56 

1.30 

i 

4 

200 

1.03 

2.42 

0. 52 

1.22 

: 

Undei’lying  Drainage  Layer 

with  Vacuum  Pumps 

1 

; 

13. 

Bee  Figure 

36  of  main  text  for 

conditions 

asEiomed — compute 

C 

AH 

AV 

i 

LL 

1 + e 

0 

ft 

cu  yd/acre 

50 

0.16 

1.47 

• 2374 

1 

! 

75 

0.22 

2.02 

3264 

i 

100 

0.25 

2.30 

3709 

1! 

1 

150 

0.29 

2.67 

4302 

1 

200 

0.31 

2.85 

4599 

i 

A 

Effective  length  of  blanket  is  l/a  tanh  (aL)  , where 


L = length  of  blanket,  approximately  '00  ft. 


Take  = l/lO  , a = /l/lO  x lo  x 2 = O.O707IOT  • 

tanh  (aL)  = tanh  21.213  = 1.00 
effective  length  = 1*4-.  1*4  ft 
q = k^iA  = k^(10/14.1  10  per  foot  of  perimeter 


For  k^  = 0.01  fpm,  q = 0.  ■<  100/lU.l  = O.O7092  cfm/ft 

or  q = 0.53  gpm/ft 

For  a disposal  area  1000  ft  x 3000  ft,  Q = 42^+0  gpm.  In  addition, 
flow  would  be  increased  by  water  draining  from  dredged  material  as  it 
consolidates.  Assume 

AH  = 2 ft  in  1 year 


and 


AQ 


2 ft  X 3000  ft  X 3000  ft 

365  X lUUo 


1 

= 11.42  cfm  = 85  gpm 


Q = 4325  gpui  total  flow. 


15.  Assume  three  100-hp  i.>ujnps  would  be  used.  For  electric  pumps, 
approximately  63  kw  at  $0.02/kwhr  = $1. 26/hr: 

3 pumps  = 3 1.26  X 24  = $90.72/day  power  cost 

Assume  automatic  pumps  with  one  man  on  day  shift  only: 

Labor  at  Jl^/hr  including  overhead  and  profit  - $120/day. 

Equipment  - $30 ,000/year . 

For  a 1-year  period: 

Power:  365  days  at  $90.72  = $ 33,100/year 

Labor:  120  x 9 x 52  ,=  31,200/year 

Equipment  rental  , = 30,000/year 


or  cost/acre  = 


Total 

$100,000  X 43,960 
1,000  X 3,000 


16,  For  a 10-ft-thick  layer  and  c 

V 


$100, 000/year 
$1, 492/year. 

= 0.01  sq  ft /day, 
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U = 50  percent  in  5 years  (see  Figure  30  of  main  text). 

a.  For  no  underdrainage  sand  layer,  cost  = $ll+50/acre/year . 

t.  With  1-ft-thick  underdrainage  sand  layer  and  collector 
pipes,  cost  is: 

Sand  at  $l/cu  yd  = $ l,6l3/acre 


Collectors 

= 

1,200/acre 

Pumping  ( 5 

X 1,1+50)  = 

7,250/acre 

Totai.  = 

$10, 063/acre 

Cost/Cu  Yd  for  5-year  Pumping 

o 

X 

> 

< 

Pumping  with  Sand 

LL 

cu  yd/acre 

cu  yd/acre 

Pumping  Only  and  Collectors 

50 

237^ 

1187 

$6.11 

$8.1+8 

75 

326lj 

1632 

l+.l+O 

6.17 

100 

3709 

1851+ 

3.91 

5.1+3 

150 

1+302 

2151 

3.37 

1+.68 

200 

1+599 

2299 

3.15 

It. 38 

If  consolidation  proceeded  more  rapidly.,  volume  of  storage  vfould  be  in- 
creased and  cost  per  cubic  yard  might  be  decreased — possibly  by  100  and 
50  percent,  respectively. 


U 

atcr  Surcharge  ,Lo 

Wi*th  Uudcrdi'ciillcl^e-  — 

I;o  Membrane 

17. 

Settlement 

induced  by  seepage 

above  that 

induced  by  initial 

desiccation 

and  consolidation 

AH 

c 

— 7r  ^ 1 - 

Po  ^ 

“ " 1 4.  e p 

0 ^0 

where  H = 

8 ft;  2-ft 

crust 

incompressible 

C 

^0%  X AV 

Cost/Cu  Yd 

AH 

AV  - 

in  5 Years 

Initial  Fill 

LL 

1 + e 

0 

i‘t 

cu  yd/acre 

cu  yd 

at  $100/ Ac re 

50 

0.16 

0.756 

1219 

610 

$0.16 

75 

0.22 

1.039 

1676 

838 

0.12 

100 

0.25 

1.181 

1905 

952 

0.10 

150 

0.29 

1.370 

2210 

1105 

0.09 

200 

0.31 

1. 1+61+ 

2362 

1181 

0.08 
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Pumping  required:  For  1-ft  settlement  per  year  and 

1000-ft  by  3000-ft  area 


Aq 


1 ft  X 1000  ft  X 3000  ft 

365  li*40 


5.71  cfm 


or  Aq  = U2.7  gpm,  but  this  would  not  be 

required  to  maintain  H at  10  ft. 

w 

-7 

b.  Seepage:  Q = kiA  = 1 x 10  x 2 x 1,000  x 3,000  = 0.60  cfm 

or  Q = )+,5  gpm  or  6,U63  g/day  or  19^,000  g/month. 

Evaporation:  Evaporation  will  equal  yearly  rainfall  in 

areas  where  dredging  is  done. 

d.  Initial  filling:  Assume  filling  in  1 month. 


10  ft  X 3000  ft  X 1000  ft 
30  days  X ihho 


2272  cfm  = 17,000  gpm 


To  lift  water  a total  of  20  ft: 

(Work  done  =,^10  ft  x 3000  ft  _x_1000_f^  x 20  ft  x 63  pcf) 

quantity ^ 

ft~lb 

X 3.77  X lO""^  = 1002  kwhr 

Labor  = 8 hr  at  $15  = $120/day;  1000  ft  x 3000  ft 
= 68.87  acres.  Approximately  $3000  total  cost  to  fill. 

Cost/acre  = ^3^^  = $i:3.  56/acre 

Assume  $100/acre  to  fill  with  water  (see  tabulation 
above  for  cost/cu  yd  of  storage  obtained).  Note  that  the 
presence  of  intermediate  drying  crusts  would  decrease 
consolidation  of  material  above  crust  and  increase  that 
of  material  below  crust.  Also  note  that  underdrainage 
is  assumed. 


18.  If  natural  effective  underdrainage  does  not  exist,  cost  would 
be  increased  by : 

1-ft  sand  blanket  at  $l/cu  yd  = $l633/acre 
Collectors  = 1200/acre 


Total 


$2833/ac.ve 


For  this  case,  costs  are: 


1 

1 


'3 

i 


a 


I 

i 

K 

3 

i 

i 

f 

\ 


Clh 


Hi 


Cost/Cu  Yd 
of  Added  Storage 


100^  AV 

LL 

w/100^  AV 

1220 

50 

$2.32 

1680 

75 

1,69 

1900 

100 

1.1*9 

2210 

150 

1.28 

2360 

200 

1.20 

Desiccation 

19.  Volume  decrease  that  occui's  from  desiccation  can  be 

effective  stresses  induced. 

From 

data  given  by  Bishop  and 

appears  that  drying  depths 

from  field  observations  are: 

Depth 

Time 

ft 

Year 

0.1 

0.07 

0.5 

0.5 

1.2 

3.0 

2.U 

7.0 

20.  For  surface  suction  of  one  atmosphere,  depth  d^„  to  which 


0 


suction  has  increased  to  0.50  atm  in  time  t is: 


or 

for  c^  = 0.02  sq.  ft/day 


1.02  d 


t = 


50 


So  t* 

ft  Year 


0.5 

1.0 

1.5 
2,0 

2.5 
3.0 


0.03 

O.lh 

0.31 

0.56 

0.87 

1.26 


* 1-3  ft/year  might 

be  practicable. 


21.  From  Figure  29  of  the  main  text,  potential  volume  increases 


015 


1 


for  the  initial  volume  corresponding  to  percent  w = 2 x LL 


AV 


from 


— 2 X liL  to 


LL 

PL 

LL  to  PL 


12 

36 

52 

16 


; w = 

2 X 

LL  , 

LL, 

% 

100 

150 

200 

12 

1^1+ 

L6 

66 

72 

76 

2k 

28 

30 

22.  For  10  ft  of  dredged  material,  added  storage  volume  for  dry- 
ing from  LL  to  PI  will  be: 


LL 


50 


100 


150  200 


Added  storage 
GU  yd/ acre 


2580  3870  i*520  L8ii0 


Assuming  that  this  will  require  three  men  for  1 month/yeai-  for  10  years, 
labor  cost  would  be  $15/hr  including  overhead. 

3 X 22  X 8 X 15  = $7, 920/year  X 10  = $79,200 

For  a disposal  area  of  1000  ft  x 3000  ft  or  68.9  acres, 

total  cost  = $1150/acre 


then: 


LL 


100 

150 

200 

* 

Cost/cu  yd  for 

additional  storage 

$0.U5 

$0.30 

$0.25 

$0.24 

r 

(■ 

-.4 

Note  that  these  costs  do  not  include  equipment  costs.  Increase  by 
$30 ,000/$79 ,200  or  37-9  percent  for  equipment.  Then  total  cost  is 
$l,6l0/acre  and 

f 

LL 

50 

100 

150 

200 

■i 

Cost/cu  yd  for 

additional  storage 

$0.62 

$0.it2 

$0.36 

$0.33 

C16 


Raisi 


ng  Dikes  to  Obtain  Added  Storage — No  Treatment 
23.  For  raising  dikes; 


H 


Ah 


AV  - + 8AH  4 10  „ M = 16H(AH)  + 8AH  + 10  AH 

2 27  5*4 

^ ^ 16h(AH)  + 8^  + lO(AH) 

8H  + lOH 


AV  per  foot  for: 


AH  , ft 

AV/ft 
cu  yd/ ft 

10  0.5 

1.6l 

1.0 

3.30 

1.5 

5.06 

2.0 

6^89 

2.5 

6.80 

3.0 

10.78 

24.  For  a 1C)00-  to  3000-ft  disposal  area: 


AV  = 8000  X AV/ft 

AV  ^ 6000  X AV/ft 
area  68, 8t  acres 


APPENDIX  D:  NOTATION 


A Area  of  dispcual  area 

B Base  width  of  dxsposal  area 

c Coefficient  of  consolidation 

V 

Compression  index 
Uniformity  coefficient 
d Depth 

Effective  diameter  of  area  tributary  to  sand  drain 

D^q  Effective  particle  size 

e Void  ratio 

e Initial  void  ratio 

o 

G Specific  gravity 

H Thickness  of  dredged  material;  length  of  one-way  drainage  path; 
initial  height  of  levee 

Hp  Height  of  temporary  fill 

H Initial  thickness 

0 

H,  Height  of  water 

V 

1 Hydraulic  gradient 

k Coefficient  of  permeability 

k^  Coefficient  of  permeability  of  blanket 

k^  Coefficient  of  permeability  of  sand  layer 
L Length  of  disposal  area 

LI  Liquidity  index 

LL  Liquid  limit 

p Effective  stress 

p Initial  effective  stress 

PI  Plasticity  index 

PL  Plastic  limit 

q Discharge  per  unit  time  per  unit  length  of  perimeter 
Q Discharge  per  unit  time 

t Time 

Time  factor  for  radial  drainage 

T Time  factor 

V 


D1 


r 


I 


u 

u 

o 

u 

V 

u 

U 

V 

V 

JD 

V 

V 

w 

w 

o 


"'^su'b 

Ae 

Ap 

Aw 

AH 

AHl 

AV 


Average  excess  pore  water  pressure 
Initial  excess  pore  water  pressure 

Average  excess  pore  water  pressure  in  vertical  drainage  only 
Percent  consolidation 

Average  percent  consolidation  for  vertical  drainage  only 
Original  volume 

Average  percent  consolidation  in  vertical  drainage  and  vertical 
consolidation 

Water  content 

Initial  water  content 

Thickness  of  blanket 

Thickness  of  sand  layer 

Submerged  unit  weight 

Change  in  void  ratio 

Increase  in  effective  stress 

Decrease  in  water  content 

Decrease  in  dredged  material  thickness 

Lower  layer  change  in  thickness 

Upper  layer  change  in  thickness 

Decrease  in  volume 


i 


'-A 

H t 

ff 


I 


D2 
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